MAGNESIUM ISOTOPE INVESTIGATION OF STROMATOLITIC KNOBS IN STORR'’S
LAKE, SAN SALVADOR, BAHAMAS: IMPLICATIONS FOR
ORGANOMINERALIZATION AND

LAMINAE FORMATION

by

ZIJIAN LI
Presented to the Faculty of the Graduate School of
The University of Texas at Arlington in Partial Fulfillment
of the Requirements

for the Degree of

MASTER OF SCIENCE IN ENVIRONMENTAL AND EARTH SCIENCES

THE UNIVERSITY OF TEXAS AT ARLINGTON

AUGUST 2017



Copyright © by Zijian Li 2017

All Rights Reserved



Acknowledgements

I would like to thank all of those who supported me throughout the duration of my
Master’s research. Acknowledgment is made to the Donors of the American Chemical
Society Petroleum Research Fund for support of this research.

| offer my sincerest thanks to my advisor, Dr. Elizabeth Griffith, for supporting me
with unfailing patience, friendship, and instruction. Thanks to her, | expanded my
scientific horizons and improved my ability, both in research and in laboratory operation.
Special thanks to Dr. Merlynd Nestell and Dr. Majie Fan for joining my committee, for
offering opportunity and help to do my research in their labs, and for exhaustive
proofreading of my thesis.

| would like to thank Dr. David Wronkiewicz from Missouri University of Science
and Technology for his tremendous help in the field trip and in the research work. | would
also like to thank Dr. Varun Paul from Mississippi State University for sharing his data
and ideas to promote the project.

Special thanks to my friends in Dr. Griffith’s group for their kind help in the lab
work and their pertinent advice for my presentations.

I would also like to thank all of my colleagues at the Department of Earth and
Environmental Sciences in The University of Texas at Arlington. Thanks to Dr. Matthew
Loocke for instructions on operating instruments. Thanks to Mike Read for teaching me
how to make thin sections. Thanks to Lu Zhu for her help in stable isotope analysis of my
samples. Thanks to Christopher Borjas for teaching me to epoxy my sample by using a
vacuum impregnation system. Thanks to Larisa Komarnitskaya and Darsa Wright for their

kind help whenever | had problems.



| can never fully express my gratitude to my family, who have always believed in
me without fail, and never let me give up.

Finally, | thank Yuxiang Zhang, my office mate and my roommate, for his
assistance when needed, for sharing happiness, and for listening to my rants.

July 21, 2017



Abstract

MAGNESIUM ISOTOPE INVESTIGATION OF STROMATOLITIC KNOBS IN STORR'’S
LAKE, SAN SALVADOR, BAHAMAS: IMPLICATIONS FOR
ORGANOMINERALIZATION AND

LAMINAE FORMATION

Zijian Li, MS

The University of Texas at Arlington, 2017

Supervising Professor: Elizabeth M. Griffith

Storr’s Lake, a hypersaline lake located on San Salvador Island, Bahamas,
contains modern, fine-grained stromatolites. This study focused on two morphological
types of stromatolitic mounds in Storr's Lake (pinnacle mound and plateau-mushroom)
and systematically investigated their mineralogy, elemental abundance, carbon, oxygen
and magnesium (Mg) isotopic signature to gain insights into the organomineralization
process and laminae formation of stromatolites. In addition, the hydrochemistry of Storr’s
Lake was characterized by in situ measurement of water parameters, elemental analysis,
and Mg isotope investigation. Cations and anions analysis indicates the lake is spatially
homogenous and shows little seasonal variation. Mg isotope analysis of the lake water
suggests seawater is the primary Mg source to the Storr's Lake and dominates the Mg
isotopic budget of the lake.

X-ray diffraction studies showed that the surficial crusts of both types of
stromatolites are enriched in high-Mg calcite and their interior zones are dominated by
aragonite. The mineralogic distribution is consistent with the variations of Mg/Ca and

Sr/Ca molar ratios of stromatolitic sublayers. The organominralization processes



mediated by both photosynthetic and heterotrophic microbial metabolisms result in in situ
micritic precipitation. The more negative 5"%c signature of deeper sublayers suggests
organomineralization processes continue at deeper horizons, whereas the relatively
uniform and positive "0 values are controlled by the evaporitic condition of the lake. An
increase in the Mg/Ca molar ratio within microbial mats is assumed to be responsible for
the hypothesized mineral phase transformation from initial high-Mg calcite to aragonite.
The Mg isotopic composition (626Mg) of stromatolitic sublayers falls within the range of
values previously reported for biogenic high-Mg calcite and aragonite, and displays
strong dependence on mineral compositions. The difference between the A26Mgca,bonate_|ake
water Values in this study from the A”°Mgcamonate-solution Values of abiogenic precipitation
experiments suggest vital effects on Mg isotope fractionation during organomineralization
of high-Mg calcite but not aragonite. A mechanism for organomineralization and laminae
formation is proposed by comparing stromatolites from Storr's Lake and other
environments (hypersaline, open marine, and freshwater), which may have crucial

implications for interpreting the ancient stromatolites in the fossil record.

vi



Table of Contents

ACKNOWIEAGEMENTS ... e e e iii
F Y o153 = (o OO TP PP PP PPPURRPPPPRIN v
List Of HHUSTrAtiONS .....oooiiiiiei e e Xi
LiSt Of TADIES ..ot XxViiii
Chapter 1 INtrodUCHION .......ooi e e e e e e e 1
Microbialite Definition and Classification.............cccooiiiiiiiii 1
Microbial Mat and Microbialite FOrmation ............ccccooiiii s 5
Early DIQgENESIS ......cceiiiiiiieee ettt a e e 10
M@ 1SOtOPE SYSIEMALICS ...t 10
NOTALION. ...t e e e e e e n e 10

Mg Isotope to Trace Nucleation and Precipitation ...............cccooie. 11

Mg Isotope to Trace Early DiagenesiS.........ccooiviiiiiiiiiiiiiiiii e 12
G0alS Of ThiS SUAY ....couiiiiiieiiii e 13
Chapter 2 Geological Setting and Previous Studies on Storr’'s Lake .............occccciiiieeeen. 15
Geographic and Geologic Setting of San Salvador Island, Bahamas.......................... 15
Geographic and Geologic Setting of Storr's Lake............ccoeviiiiiiiiiiiiiiciieee e 18
Morphological Type and Distribution of Microbialite ............c.cccoccciiis 19
MINEIAIOGY ...oeeeiiii ettt e e e e e e e e e e e e e e 21
Microbial Activity and Stable ISOtOPES ........ocviiiiiiiiiiiic e 22
Chapter 3 MethodOIOgY ......ccoiiiiiiiii it e e 25
Water Chemistry ANGIYSIS ......ooiiiiiiiiiiii e 25

S F=Taq] o] (= @7 0] 1 1= Tox 1 o] o ISR 25
Field MEasUrEMENTS ........ooiiiiiiiiii e 25
ANIONS ANAIYSIS.....ureiiiiiiee e a e 27

vii



CationNS ANAIYSIS .cooiiieiiiiii i 28

Saturation Index and lonic Strength Calculation.............coccviiiiiiieen 28
Stromatolite Sample Digestion and Elemental Analysis ...........ccccvviiiiiiniieeiiiiieenn, 29
Sample Digestion and Preparation .............coiiiiiii i 29
Elemental Analysis of Stromatolite Samples ............ccccoviiiiiii e 30
X-ray Diffraciton (XRD) ANGIYSIS ....ccciiuiiiiiiiiiiiiee it 30
Carbon and Oxygen 1SOtope ANalYSiS..........eueiiiiiiiiiieiiiiee e 31
Magnesium 1SOtOPE ANAIYSIS .....ccoeiiiiiiiiiiiiee e 31
L0 gT=T o] (=) g B =TT U SR 40
Water ChemUSTIY ... 40
Stromatolite MOrpholOgY ........c.ueeiiiiiiiiiii e 49
Microscopic Characterization .............oooo i 52
Mineralogy and Elemental Compositions of Stromatolitic Sublayers...............c........... 55
MINEIAIOGY ...eeeeiii ettt e e e e e e e e e e e n e 55
Elemental Concentration............c.ueoiiiiiiiiiiiiie e 57
Carbon and OXygen ISOOPES .......coiuiiiiiiiiiiiii et 61
Mg Isotopic Compositions and Mg Isotope Fractionation .............cccooiiiiiiieen, 63
107 0T=T o] () g T B ET o0 131 (o) o SRR 68
Characterization of Water Properties in Storr's Lake ... 68
Hydrochemical Facies and Lake Water Source...........ccocveeeiiiiiiiiiiiiiiieec e 68
Spatial HOMOGENEILY ......ocoiiiiiiiiiiiei e 71
Seasonal VariatioNS .........ooiiiiiiiiiiie e 73
Mg Isotopic Compositions of Lake Water ..., 80
Morphology and Mineralogy of Stromatolites from Storr's Lake ............ccccooieeeeenn. 87
Morphology of MiCrobialites ...........cooiiiiiiiiiii e 87

viii



Mineralogy of Stromatolitic KnobsS ... 87

Factors that Control Mineralogy ..............couiiiiiiiiiiiiiie e 88
Organomineralization and Laminae Formation............ccccccoiiiiiiiiiiic e 93
Microbial Community DiStribution ... 93
Organomineralization ProCESSES ........coiuiiiiiiiiiiiii e 94
Laminae Formation of Stromatolitic Knobs ... 100
Mg isotopic Compositions of Stromatolitic Sublayers ..............cccooiiiiiien 103
Mineralogical Control on Mg Isotopic Values.............ccooiiiiiiiiiiiiiiiiieec e 103
Mg Isotope Fractionation During Organomineralization...............ccccoviieiiiniienen. 107
Comparison of Stromatolites in Different Environments ............cccccoooiiiiiiiii. 114

Comparison of Stromatolites in Storr's Lake and Other

Hypersaline ENVIrONMENtS .........ooiiiiiiiii e 116
Comparison of Stromatolites in Storr’s Lake and Open Marine

ENVIFONMENTS ... e 118

Comparison of Stromatolites in Storr's Lake and Freshwater

ENVIFONMENTS ... e e e e e e e e e e e e e e e e e e e e et 118
SUMIMAIY ...ttt e ettt e e e bt e e e e bbbt e e e nb e e e e e e abeeas 119
Chapter 6 CONCIUSIONS ....ooiiiiii et e e e e e e e e e e e eeeeas 121

Appendix A Table of In Situ Water Chemistry Parameters Measured or

Calculated for Storr’s Lake Water, Conduit Water, Well Water, and

Seawater from Dim Bay (San Salvador Island, Bahamas)

Collected iN JANUANY 20716 .......ouuiiiie ittt 122
Appendix B Table of Water Chemistry Parameters and Elemental

Abundance for Storr's Lake Water, Conduit Water, Well Water,

and Dim Bay Seawater Collected in January 2016 ...........cccueieiiiiiiiieiiiiieee e 132



Appendix C X-ray Diffraction Pattern of Stromatolitic knob Sublayer Sampiles.............. 141

Appendix D Old Mg Column Method and Column Chemistry Worksheet...................... 151
Appendix E New Mg Column Method and Column Chemistry Worksheet..................... 162
REFEIENCES ...ttt e e e s b e e e e aaae 165
Biographical INformation.............cooiiiiiiiiii e 183



List of lllustrations
Figure 1-1 Classification of a microbialite based on meso- and microfabrics ................... 3
Figure 1-2 Temporal distribution of the reported occurrence of
microbialites/microbial mats in geological hiStory..........ccccciiiiiiiii e, 4
Figure 1-3 Thin section and scanning electron microscopy (SEM) images
of a ‘subfossil’ Scyfonema knob from Storr’s Lake, Bahamas ..........ccccccveeeiiiiiiiiiiiiineee. 9
Figure 2-1 Location map of (A) The Bahamas, (B) San Salvador Island
with the location of Storr’s Lake, and (C) sampling locations and
transects (labeled in red) of Storr's Lake for this study. ..o 17
Figure 2-2 Overview of the distribution of the microbialite types
in the northern sector of StOrr's Lake. .........oooiiiiiiiiiiii e 19
Figure 2-3 Microbialite samples and microbial mats collected from
Storr’'s Lake. (A) Calcareous knobs; (B) Plateau-mushroom;
(C) Pinnacle mound; (D) Cauliflower-top mushroom; (E) Multi-cuspate. ..............c.......... 21
Figure 2-4 XRD analysis of microbialite samples of Storr’s Lake:
(A) Half-sectioned pinnacle mound (PM) and
(B) half-sectioned plateau-mushroom shaped microbialite ..............ccccceeiiiiiiie 22
Figure 2-5 Dendrogram showing relative percentage abundance of
major bacterial taxa detected in five Storr’'s Lake microbial mats ................ccococcce 23
Figure 2-6 Carbon and oxygen isotopic composition of carbonate
[aminae from STOIT'S LaKE ........oeiiiiiiiiiiei e 24
Figure 3-1 Elution curves of Mg and matrix elements for a seawater
sample 0N @ 15 ML COIUMN ... e 33
Figure 3-2 Elution curves of Mg and matrix elements for a seawater

sample passed through a 6 mL COlUMN. ... 34

Xi



Figure 3-3 Elution curves of Mg and matrix elements for (A) a doped

solution with Ca/Mg molar ratio of 8, (B) a doped solution

with Ca/Mg molar ratio of 100, and (C) a seawater

sample for the first step column chromatography ..........ccccooiiiiiiiiii e 37
Figure 3-4 Elution curves of Mg and matrix elements for a seawater

sample for the second step column chromatography...........ccccoviiiiiiic e, 38
Figure 4-1 Variations of the (A) dissolved oxygen, (B) water temperature,

(C) conductivity, and (D) pH with water depth at sampling locations

of WN3, WN4, SWN1, and WS1in Storr's Lake. .........oooveveiiiiiiiee e 42
Figure 4-2 Variations of the (A) pH, (B) conductivity, (C) water temperature,

and (D) dissolved oxygen with the distance from shore at WN transect

(from the western shore to Cactus Island) in Storr's Lake ..........cccovvieiiiiiiiieiciniieeeene 44
Figure 4-3 Front view (A) and side view (B) of the pinnacle mound sample (WS1)
collected from the southern sector of Storr’s Lake about 250 meters from the western

L] 0[] = PP P PP PP PP PPPRR 49
Figure 4-4 Photograph of WS1 and the entire mound and where the collected hand
sample was split off (in the person’s lefthand) ... 50
Figure 4-5 (A) Interior view of WS1 with white lines showing the identified

laminations; (B) zones outlined in (A) illustrating the different growth phases.................. 50
Figure 4-6 Top view (A) and side view (B) of the plateau-mushroom

sample (WN7) collected from the northern sector Storr's Lake

about 293 meters from the western shore............cocuei 51
Figure 4-7 (A) Interior view of WN7 with white lines showing the identified

laminations; (B) zones outlined in (A) illustrating the different growth phases.................. 52

Xii



Figure 4-8 Polarized light thin section micrograph of pinnacle mound

interior (WS1-1) showing organics and MiCrite............oocuiiiiiiiiiieiiiiiiee e 53
Figure 4-9 Polarized light thin section micrograph of pinnacle mound

lamination (WS1-6) close to the sude surfaceshowing trapped

grains (ostracod shell and micritized ooid)

and MICHtic [amMINALION ..........ooi i 54
Figure 4-10 Polarized light thin section micrograph of plateau-mushroom (WN7)........... 54
Figure 4-11 Polarized light thin section micrograph of pinnacle

mound crust (WS1-i) showing microspar lined cavity in micrite

and clotted micrite rimmed with MICroSpar. ... 55
Figure 4-12 Sampling locations, mineralogical compositions from XRD,

Mg/Ca molar ratios and Sr/Ca molar ratios from ICP-OES of the

dissolved solid subsamples of the WS1 pinnacle mound sample. ............c.coooiiiiieee.n. 56
Figure 4-13 Sampling locations, mineralogical compositions from XRD,

Mg/Ca and Sr/Ca molar ratios from ICP-OES of the solid subsamples

of the WN7 plateau-mushroom sample ... 57
Figure 4-14 Inverse correlation between mole % Mg and aragonite

weight percentage for pinnacle mound (WS1) and plateau-mushroom (WN7)................ 58
Figure 4-15 Depth profiles of 8'°0 values measured in sublayers of

(A) pinnacle mound microbialite (WS1), and (B) plateau-mushrooom

stromatolitic knobs (WN7) from Storr's Lake ..........ccueeviiiiiiiiiiiiiii e 61
Figure 4-16 Depth profiles of 8'°C values measured in sublayers of

(A) pinnacle mound microbialite (WS1), and (B) plateau-mushrooom

microbialite (WN7) from Storr's Lake.........c.ouieiiiiiiiiii e 62

Xiii



Figure 4-17 Cross plots of (A) 8'°C versus wt.% aragonite and

(B) 5'%0 versus wt.% ArAGONITE ...
Figure 4-18 Magnesium three-isotope plot of all natural samples and

standards analyzed in this StUdY. ..........oeiiiiiiiii e
Figure 5-1 Piper trilinear diagram classifying major hydrochemical

facies of Storr’s Lake water, conduit water, seawater, and

Gerace Research Center well water collected in this

StUAY N JANUAY 2016.. ..ottt
Figure 5-2 Durov plot depicting hydrochemical processes of

Storr’'s Lake water, conduit water, seawater, and Gerace

Research Center (GRC) well water collected in this study

IN JANUEAIY 20716, .eeeiiiiiiiie e e e e e bt e e e e e e e e b e e e e nees
Figure 5-3 Variations of the (A) Mg2+ concentration and (B) Ca
concentration with water depth at sampling location

OFf WST IN StOIT'S LaKE.. ..ot
Figure 5-4 Variations of the (A) Mg2+ concentration and (B) Ca
concentration with the distance from shore at WN transect
(from western shore to Cactus Island) in Storr's Lake.. .......c.occeeiiiiiiiiiiiiiiieeeee
Figure 5-5 Piper trilinear diagram of Storr's Lake water, conduit water,

seawater, and Gerace Research Center (GRC) well water collected

in this study in January 2016 and in previous studies.. .........occueveiiiiiiiiii e
Figure 5-6 Durov plot of Storr’s Lake water, conduit water, seawater,

and Gerace Research Center (GRC) well water collected in this study

in January 2016 and in previous StUIes.. ...

Xiv

65



Figure 5-7 Saturation index of calcite and aragonite for Storr’s Lake

water, conduit water, seawater, and Gerace Research Center

(GRC) well water collected in this study in January 2016 and in

] (=AVA T T L3 (8 o |- TR 77
Figure 5-8 Comparison of the 5°°Mg values of Storr's Lake water and stromatolitic
sublayers with the published Mg isotope data from different geological reservoirs.. ....... 81
Figure 5-9 Cross plots of (A) 8°Mg versus water temperature, (B) 5°°Mg

versus pH, (C) 8*®Mg versus dissolved oxygen, and (D) 5*°Mg

versus total @lkalinity... .......coovooi i 83
Figure 5-10 Cross plots of (A) 5*®Mg versus Mg concentration,

(B) 5°®Mg versus Mg/Ca molar ratio, (C) 8*°Mg versus

Slcalcite, and (D) 3°°Mg Versus SIaragonite... ...........ccooveweereeeeeeeeeeeeeeeeeee e, 84
Figure 5-11 Schematic of the Storr’'s Lake Mg isotope budget with

a steady-state lake water COmMPOSItION... .......oooiiiiiiiiiiii e 86
Figure 5-12 Conceptual model of EOM-influenced carbonate mineral

nucleation through interactions between EPS and LMWOC...........ccccciiiiiiiiiiiiniiieeens 97
Figure 5-13 Schematic drawing of the proposed formation mechanism

of the microbialite and the phase transformation from

high-Mg calcite t0 aragonite... ... 100
Figure 5-14 Histogram of 626Mg values in biogenic low magnesium

calcite (blue), high magnesium calcite (red) and aragonite

(orange), compared with those for seawater (green)

and mid-ocean ridge basalts (MORB, black)...........cccuuiiiiiiiiiiii e, 104

XV



Figure 5-15 Cross plots of (A) 5*®Mg versus Mg/Ca molar ratio,

(B) 5°®Mg versus Sr/Ca molar ratio, (C) 5°°Mg versus

wt.% aragonite, and (D) 626Mg VEISUS 8'2C.. oo, 105
Figure 5-16 Cross plot of 5°°Mg versus Wt.% aragonite..............cccocvevverereresersennns 107
Figure 5-17 Comparison of A26Mgca,bonate_|ake water OF stromatolitic

sublayers in this study with A26Mgca,b_so| values of various

high-Mg calcite (red), low-Mg calcite (blue) and

aragonitic (orange organisms) in comparison

With abiogenic eXPerimeEntS.... ... 109
Figure 5-18 Comparison of AZGMgHMC_.ake water Of pure high-Mg calcite

end member in this study (orange dot) with biogenic

high-Mg calcite A*°Mgear-sol and with abiogenic

experiments of Li €t al. (2012)........ooiiiiiiiieii e 111
Figure 5-19 Comparison of A**Mgaragonite-iake water Of pure aragonite

end member in this study (green dot) with AZGMgcarb_sm of

biogenic aragonites and with abiogenic experiments

(black) of Wang et al. (2013).... cuueiiiiiiiiieee e 113
Figure 5-20 Comparison of microbialites from hypersaline, open marine,

and freshwater enVIroNMENTS. ... ... 115
Figure 5-21 Carbon and oxygen isotopic compositions of stromatolitic
sublayers from pinnacle mound and plateau-mushroom samples

in Storr’'s Lake (this study), carbonate laminae from Storr’s

Lake Scytonema knobs and water (Dupraz et al., 2013),
Big Pond stromatolites (Eleuthera Island, Bahamas;

data from Glunk et al., 2011), sediment collected

XVi



on Eleuthera Island (Bahamas; Dupraz et al., 2013),
and precipitated micritic crust and ooids from
open marine stromatolites (Highbourne Cay,

Bahamas; data from Andres et al., 2006)..........ccooirieriiiiiiieeee e

XVii



List of Tables
Table 3-1 Instrumentation for Field Measurements............cccccoviiiiiiiiiie e 27
Table 4-1 Water chemistry parameters measured or calculated for
Storr’'s Lake water, conduit water, well water, and Dim Bay
seawater collected in JanUary 20716 .........cooiiuiiiiiiiiiiiee e 45
Table 4-2 ICP-OES results and mineralogical compositions for the microbialite
subsamples showing the profile positions as noted in Figures 4-12 and 4-13................ 59
Table 4-3 5'°C and 8'°0 values of pinnacle mound (WS1) and
plateau-mushroom (WN7) stromatolitic sublayers from Storr’'s Lake ...........ccccccccceeeeenn. 62
Table 4-4 Magnesium isotope (626Mg) measurements. Uncertainties are
quoted as twice the standard deviation (2 o) of “N”
replicates (typically fOUT) ... 65
Table 5-1 Water chemistry parameters of Storr’'s Lake water and

seawater from Dupraz et al. (2013) and Paul et al. (2016) ........cceevveiiiiiieiiiiiieeee e, 78

Xviii



Chapter 1
Introduction
Microbialite Definition and Classification

Organisms play a role in calcium carbonate precipitation via two major
mechanisms: biomineralization and organomineralization (Dupraz et al., 2009). Calcium
carbonate precipitated via biomineralization (biological controlled mineralization) is
typically produced by living organisms to harden or stiffen existing tissues and/or
skeletons, therefore the morphology of the mineral is genetically controlled by organisms,
e.g., coral and clams (Dupraz et al., 2009).

Organomineralization, on the other hand, is not directly genetically controlled.
The precipitation of calcium carbonate formed by organomineralization (biologically
influenced or biologically induced mineralization according to Dupraz et al. (2009)) can be
intrinsically (e.g., microbial metabolisms) or extrinsically (e.g., degassing, evaporation)
driven, and thus the morphology of the mineral is mainly controlled by environmental
conditions. Key components of organomineralization are the “alkalinity” engine (microbial
metabolism and environmental conditions impacting calcium carbonate saturation) and
an organic matrix comprised of extracellular polymeric substances (EPS), which may
provide a template for carbonate nucleation (Dupraz et al., 2009). A microbial community
can produce different morphologies as conditions change due to environmental factors
such as seasonal variation, storm events, changes in salinity or sedimentation rates
(Dupraz et al., 2009).

When microbial communities drive organomineralization to form carbonate
structures, the structure is known as a microbialite. A microbialite, as defined by Burne
and Moore (1987), is an organosedimentary deposit resulting from interactions between

benthic microbial communities and detrital or chemical sediments (in calcareous



microbialites; construction processes include trapping and binding, inorganic calcification
(tufa), and biologically influenced calcification). Because morphology is not genetically
controlled, it is difficult to discriminate the morphology of a microbialite from a structure
that formed abiotically in the rock record. Currently, it is not fully understood why modern
microbialites form certain morphologies, or form at all, in certain places on Earth, and
form different morphologies, or do not form at all, in other places with similar conditions
(Dupraz et al., 2009).

Although a seemingly infinite number of varying morphologies can be formed
through microbial organomineralization, a microbialite can be classified into one of three
main types of structures based on their internal morphologies (Figure 1-1): (1) a
stromatolite, which has a laminated internal fabric, (2) a thrombolite, which has a clotted
internal fabric, and (3) a leiolite, or cryptic microbial crust, which is structureless with no
defined internal fabric (e.g., Aitken, 1967; Kennard and James, 1986; Braga et al., 1995;
Dupraz and Strasser, 1999, 2002; Riding, 2000; Shapiro, 2000; Turner et al., 2000). Of
the three types, stromatolites have received the most attention by the scientific
community. This choice is perhaps due, in part, to the fact that stromatolites are
considered to be among the oldest traces of life in the rock record (Hofman et al., 1999;
Allwood et al., 2006, 2007).

In an early Earth, before the advent of plants, animals, and other eukaryotes,
stromatolites would have dominated the global carbon cycle, having significant impacts
on Earth’s climate and atmosphere. The oldest known stromatolite has an age of 3500
Myr (Schopf, 2006). Stromatolites then became widespread and abundant in the
Proterozoic (Figure 1-2; Schopf, 2006). The abundance of microbiallites had a rapid initial
decline followed by relatively minor changes during the Phanerozoic (Figure 1-2B; Riding,

2000). Thus, understanding the organomineralization processes of ancient stromatolites
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Figure 1-1 Classification of a microbialite based on meso- and microfabrics. Figure from
Dupraz and Strasser (1999).

is critical to understanding Earth’s history. Fossil stromatolites display a wide range of
macroscopic morphologies, but all include a laminated mesostructure (Riding et al., 1991;
Riding, 2000). Most fossil stromatolites that have been discovered have a fine-grained,
micritic microstructure (Riding et al., 1991; Riding, 2011) and may contain chert and
dolomite due to diagenetic changes (Sommers et al., 2000). Although modern
stromatolites do not have a profound impact on today’s global carbon cycle, the modern

structures can provide a better basis for comparison and a gateway to understanding the



fossil record. Modern stromatolites can be seen today in places such as Shark Bay,
Australia (e.g., Reid et al., 2003), Highbourne Cay and Exuma Islands, Bahamas (Reid et
al., 2000; Dupraz et al., 2004; Glunk et al., 2011); and in Storr’s Lake, San Salvador
Island, Bahamas (Neumann et al., 1989; Dupraz et al., 2013; Paul et al., 2016), the field

site for this study.

A 2 B 100+ E== Thrombolite
5] Archaen " Stromatolite
% stromatolites/ g Microbialite
E 15 microbial .‘_:;

g mats g

)

8

g 50 1
5y

1=

Gt

9]

2

g

Z

0
3500 3000 2500
age (Myr)

Figure 1-2 Temporal distribution of the reported occurrence of microbialites/microbial
mats in geological history. (A) Archean and (B) four Phanerozoic intervals of similar time
span: Cambro-Ordovician (97 Myr), Silurian-Carboniferous (145 Myr), Permian-Jurassic

(154 Myr), Cretaceous-Pleistocene (145 Myr) (Harland et al., 1990). These rough data
suggest rapid initial decline followed by relatively minor changes in abundance of
microbial carbonates during the remainder of the Phanerozoic. Modified from Riding
(2000) and Schopf (2006).
Microbial Mat and Microbialite Formation
Microbial mats are centimeter-thick microbial ecosystems formed by a multi-

layered sheet of microorganisms (Reimer, 2011). Microbial mats grow at interfaces
between different types of material, mostly on submerged or moist surfaces, but a few

survive in deserts (Schieber et al., 2007). The propensity of microbial mats to trap, bind,



and precipitate sediments results in the formation of sedimentary structures such as
stromatolites (Riding, 2000).

Typically, formation of a microbialite begins with the colonization of sediment by
cyanobacteria (Reid et al., 2000). Cyanobacteria are most active ~0.5 to 2 millimeters
below the sediment surface (Dupraz et al., 2013). Active cyanobacteria display high rates
of photosynthesis and many can fix nitrogen in addition to creating organic carbon and
oxygen through oxygenic photosynthesis, and thus create a sharp increase in oxygen
concentration a few millimeters below the sediment.

Shortly after colonization by cyanobacteria, aerobic (chemoorgano) heterotrophs
appear and gain energy from the organic carbon, fixed nitrogen, and oxygen created by
the cyanobacteria according to the following reaction (Visscher and Stolz, 2005):

<CH,0> + O, --> CO; + H,0 + energy (1-1)

The oxygen produced by the cyanobacteria is consumed by aerobic
heterotrophic chemical reactions. Anaerobic heterotrophs, specifically sulfate reducing
bacteria (SRB) in marine and hypersaline environments, also play a role in the microbial
community. SRB gain energy from the organic carbon created by the cyanobacteria
along with the high sulfate concentrations in seawater according to the following reaction
(Patterson and Walter, 1994):

<2CH,0> + SO, --> 2HCO; + 2H,S (1-2a)
2HCO3 --> CO3> + CO, + H,0 (1-2b)

Chemolithoautotroph (such as sulfide-oxidizing bacteria (SOB)) can then
colonize and gain energy from the sulfide generated and create biomass from the carbon
dioxide created by the SRB (Equation 1-2b) according to the following reaction (Visscher
and Stolz, 2005):

2C0, + HyS + 2H,0 > 2<CH,0> + SO,* + 2H" (1-3)



The sulfate created by the SOB will also feed the metabolisms of the SRB, which
will in turn create more sulfide that can be used by the chemolithoautotrophs. Other
chemolithoautotrophs, such as purple and green sulfur bacteria, can also use sulfide and
carbon dioxide to create biomass, and will also produce elemental sulfur according to the
following reaction (Visscher and Stolz, 2005):

CO, + 2H,S --> <CH,0> + 28° + H,0 (1-4)

All of these different types of bacteria can create a mature, metabolically diverse
microbial mat with complex element cycling. Physiological activities of the bacterial
community in a mat can promote precipitation and/or trapping and binding of sediment
within the mat (Visscher and Stolz, 2005). Generally, microbial metabolisms influence
carbonate precipitation in two facets: (i) controlling the pH of the proximal
microenvironment, and (ii) regulating the nucleation sites and cation availability through
producing and/or degrading extracellular polymeric substances (EPS) (Dupraz and
Visscher, 2005).

The transfer of CO, within microbial mats influences the pH of the
microenvironment and thus plays a role in regulating carbonate precipitation. Both
photosynthesis (primarily by cyanobacteria) and respiration (both by aerobic and
anaerobic heterotrophs) of microbial systems involve the transfer of CO,. Photosynthesis
is normally simplified as:

CO; + Hy0 + light --> <CH,0> + O, (1-5)
whereas carbonate precipitation and dissolution occur according to the following
reaction:

Ca®" + 2HCO; <--> CaCOs + CO, + H,0 (1-6)

When photosynthesis occurs, it consumes CO, (increasing the pH) and shifts the

direction of the reaction (Equation 1-6) to the right and favors precipitation of carbonate.



Because respiration is roughly the reverse process of photosynthesis, CO; is generated
(pH decreases) and the direction of the reaction (Equation 1-6) moves to the left which
promotes carbonate dissolution.

The organic EPS matrix is considered to be primarily produced by cyanobacteria
in microbial mats (De Philippis et al., 1998). EPS may include protein, peptides, non-
carbohydrate acidic moieties, and even extracellular DNA (Sutherland, 2001). Negatively-
charged functional groups within the EPS matrix can bind a large amount of mono- or
divalent cations (e.g., Ca’* and Mg”) to maintain structural integrity (Sutherland, 2001).
CaCOj; precipitation can commence when metal cations and dissolved inorganic carbon
(DIC) are liberated due to degradation or alteration of EPS (Dupraz et al., 2009). Thus
the combined actions of SRB and fermentative organisms could be responsible for the
consumption of EPS and precipitation of CaCOj;. In addition, changes in the amount or
type of EPS can also influence the rate of precipitation, mineralogy, and morphology of
the crystalline phase (Braissant et al., 2003). The gel-like property of the EPS matrix in
which precipitation occurs influences diffusion processes and adsorption/complexation of
Ca®*, both of which affect the mineral product (Given and Wilkinson, 1985). Variations in
Mg concentration within the EPS matrix when supersaturation is reached produce distinct
morphologies such as spheres, dumbbell-like, wheat-sheaf-like bundles or rhombs
(Fernandez-Diaz et al., 1996). Organic molecules of EPS can attach and poison specific
crystal faces, thereby inhibiting a part of the crystal growth, which leads to the formation
of spherulite, dumbbell or smooth rhombic crystals (Zavarzin, 2002). A recent study found
that ~100 nm-amorphous calcium carbonate crystals precipitate within the EPS matrix
(Benzerara et al., 2006).

Lamination in a stromatolite is defined as the alternation of dark and light layers

which is typically attributed to episodic growth of different micro-fabric mat communities.



Stromatolite formation is typically attributed to the process of trapping and binding of
sediment and/or CaCO3 precipitation associated with the photosynthetic uptake of CO,
and HCOj by different microbial mats. The associated micro-fabric mat communities
include: (i) a trapping and binding community, characterized by predominantly vertically
oriented filaments of cyanobacteria (Kennard and James, 1986), (ii) a carbonate micrite-
precipitating community that consists of horizontally oriented coccoid cyanobacteria and
heterotrophic bacteria embedded in a dense EOM-rich biofilm (Reid et al., 2000), and (iii)
a community of microboring cyanobacteria, the action of which results in fused grains
(Dupraz et al., 2013). During rapid sediment accretion, vertically oriented cyanobacterial
filaments trap and bind carbonate sand or ooids to form grainy laminae, which are dark in
appearance (Suarez-Gonzalez et al., 2014). Sometimes, the calcified cyanobacterial
filaments are also involved in these laminae (Planavsky and Ginsburg, 2009). At hiatal
intervals, thin micritic crusts occur as light colored laminae, which are chiefly bio-induced
by the degradation of EPS from SRB at anaerobic conditions (Suarez-Gonzalez et al.,
2014). In addition, strong activity of microboring cyanobacteria diagenetically obliterates

the microstructure of preformed laminae (Dupraz et al., 2013; Figure 1-3).



Figure 1-3 Thin section and scanning electron microscopy (SEM) images of a ‘subfossil’
Scytonema knob from Storr’s Lake, Bahamas. (A-B) relics of cyanobacterial filaments.
Stage 1 in subfossil knobs shows precipitation along vertically oriented filaments,
whereas Stage 2 is characterized by horizontally oriented filaments (Dupraz et al., 2013).
Some of the precipitated micrite displays black dots that represent microboring by
coccoid cyanobacteria [see also (C)]; (C) trapped gastropod shell within a ‘subfossil’
knob, showing extensive bioerosion by coccoid cyanobacteria; (D) SEM image of a
coccoid cyanobacterium in a microborehole. Adapted from Dupraz et al. (2013).
Thrombolites, mesoscopically clotted (unlaminated) microbialites, are not

uniformly distributed in the rock record, but are essentially a Cambrian and Lower
Ordovician phenomenon (Figure 1-2B; Kennard and James, 1986). Although once
prevalent on the ancient Earth, modern accreting thrombolites are rare. One of the few
modern sites of active thrombolitic development (open marine thrombolites) is the island
of Highbourne Cay, Exuma, Bahamas (Myshrall et al., 2010). Several hypotheses exist
about thrombolite formation. Thrombolite formation has been attributed to rapid rates of
calcification by coccoid cyanobacteria (Konhauser, 2007; Myshrall et al., 2010). A
decrease in salinity, and increase in energy and nutrient supply, and deepening water are
possible factors that result in the transformation of a stromatolite to a thrombolite
(Feldmann and McKenzie, 1998). More study is needed to understand how the clotted

internal fabric of a thrombolite is formed.



Early Diagenesis

Original microbial carbonate fabrics have the potential to be modified by
penecontemporaneous diagenesis. During early diagenesis, there is localized carbonate
dissolution as well as recrystallization of secondary carbonate cements. The clotted fabric
of thrombolites is observed as patchy fine-grained carbonate cements under the
microscope, which supports the idea that clot formation is linked with early diagenetic
processes (Planavsky and Ginsburg, 2009). Sparitic infilling of the porosity left by the
cyanobacterial filaments will also take place in the early stage of diagenesis,
accompanied by active microboring (Dupraz et al., 2013). Another effect of early
diagenetic alteration is the dilution of the initial positive 5"%c signature of microbial
metabolisms (photosynthesis renders precipitated carbonate enriched in 3C, whereas
heterotrophic respiration transforms organic carbon to bicarbonate ions and forms
carbonate with lower 8'°C values, which were produced during early precipitation
(Dupraz et al., 2013).

Mg Isotope Systematics

Notation

Magnesium is a fluid-mobile major element having three stable isotopes, **Mg,
*Mg and *°Mg, with natural abundances of 78.99%, 10.00% and 11.01%, respectively
(Rosman and Taylor, 1998). The relative mass difference between *°Mg and **Mg is >8%,
which is the second largest among the non-traditional stable isotopes (Johnson et al.,
2004). This characteristic may potentially produce large Mg isotopic fractionations during
low-temperature incorporation of Mg into carbonates due to pronounced vibrational

energy differences at low temperature. Measured Mg isotope values are reported in delta
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(8) notation as permil (%o, parts per thousand) deviations from the isotopic composition of
the standard (“std”, or DSM3 for Mg isotopes):

§*Mg(%o) = [( *Mg/**Mg) /(*Mg/**Mg) — 1] x 1000 (1-7)

sample
where x refers to 25 or 26.

The isotopic fractionation associated with the equilibrium isotope exchange
reaction between two substances A and B (i.e., the mass dependent isotopic fractionation
of A relative to B) can be expressed by use of the isotope fractionation factor « (alpha):

as_p = Ry/Rp (1-8)
where R, and Ry are the isotope ratios (heavy isotope over light isotope) of the two
phases, A and B (White, 2015).

The Mg isotope fractionation can be expressed as fractionation value which is
defined as (Galy et al., 2003):

A*®Mg,_p = 8§%°Mg, — §%° Mgy = 1000 lna,_g (1-9)
Mg isotopes to trace nucleation and precipitation

In most cases, light Mg isotopes are preferentially incorporated into biogenic and
abiogenic carbonates from an aqueous phase (e.g., Wombacher et al., 2011; Li et al.,
2012). Due to Mg directly substituting for Ca within the carbonate lattice, Mg may be
expected to fractionate isotopically in a manner similar to Ca (Gussone et al., 2003, 2005;
Chang et al., 2004; Lemarchand et al., 2004; Marriott et al., 2004; Fantle and Depaolo,
2007; Tang et al., 2008a, b; Depaolo, 2011; Pearce et al., 2012). First principle
calculations demonstrate that the observed Mg isotope fractionation in hydrous Mg
carbonates and other minerals such as calcite and dolomite are likely due to the stability
and coordination of different Mg isotopes in the precipitated mineral versus the fluid

phase (Schauble, 2011), which suggests that mineralogy is an essential factor that
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dominates the Mg isotopic compositions of carbonates. Previous work has shown that
aragonite has a more positive Mg isotopic composition compared to calcite (Wombacher
et al., 2011). The difference is because the length of the Mg-O bond in calcite is ~2.12 A
(6-fold coordination), whereas it is 2.08 A (9-fold coordination) in aragonite (Finch and
Allison, 2008). Shorter bonds have higher energy and are therefore are enriched in the
heavier isotopes. There are also different extents of Mg isotopic offsets (i.e., isotopic
fractionation) during precipitation of high-Mg calcite and low-Mg calcite (Eisenhauer et al.,
2009).

For a specific carbonate mineral (calcite or aragonite), inorganic (abiotic)
precipitation experiments have shown that equilibrium mass dependent isotope
fractionation of Mg appears to have a modest temperature-dependence, but is
independent of solution Ca and Mg content, P¢o,, pH, and Mg/Ca (Li et al., 2012; Wang
et al., 2013). Although measurable Mg isotope fractionation was found during hydrous Mg
carbonate precipitation induced by cyanobacteria photosynthesis, the presence of
biofilms and other heterotrophic bacteria has been found to have an insignificant effect on
the overall Mg isotopic fractionation factor (Shirokova et al., 2013).

Mg isotopes to trace early diagenesis
Numerical modeling suggested that with respect to Mg isotopes, the diagenetic

(ZGMg/24Mg)diagnetic carbonate __ 0.9955
(**Mg/**Mg)uia '

fractionation factor (alc\fiig = ) was appropriate for

limestone diagenesis (Fantle and Higgins, 2014) and was consistent with the
fractionation factor (0.996) derived from calcite recrystallization in deep-sea carbonate
sediments (Higgins and Schrag, 2012). Diagenetic recrystallization of limestone was

interpreted to drive §2°Mg to lower values due to the less than 1.0000 fractionation factor

associated with limestone diagenesis (ag’[iig = 0.9955). Therefore, early diagenesis of a
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microbialite, which includes the processes of carbonate dissolution and recrystallization
(Planavsky et al., 2009), which might cause mass dependent Mg isotopic fractionations.
Goals of This Study

Storr’s Lake, a hypersaline lake located on San Salvador Island, Bahamas,
contains modern, fine-grained stromatolites, first described by Hattin (1982). Although a
significant amount of data has been collected on these stromatolites, particularly in the
western portion of the lake (e.g., Mann and Hoffman, 1984; McNeese, 1988; Neumann et
al., 1989; Mann and Nelson, 1989; Pentecost, 1989; Zabielski, 1991; Dupraz et al., 2013;
Paul et al., 2016), the mechanism of stromatolite formation at Storr's Lake is not well
understood. The primary goal of this research is to investigate the organomineralization
processes and lamination formation of stromatolitic knobs from Storr’s Lake with the use
of Mg isotopes. The hypothesis is that the Mg isotopic composition of a stromatolitic
knobs will be dominated by both biological effects and mineralogical controls. Because
stromatolitic knobs precipitate carbonate minerals from the lake water, it is highly
possible that the Mg isotopic compositions of sublayers from stromatolitic knobs will
inherit the isotopic features of the surrounding lake water from which the stromatolite
forms. In addition, because previous work has shown a difference in Mg isotopic values
between aragonite and high-Mg calcite, Mg isotopic compositions of microbialite
sublayers will also be controlled by the percent ratio of aragonite over high-Mg calcite,
suggesting that a transformation from aragonite to calcite (possible during early
diagenetic processes) could alter the primary Mg isotopic values of microbialitic
carbonates. Therefore, the Mg isotope budget of the current lake system and the
mineralogy of stromatolitic knobs should be explored and evaluated to constrain the

controls on the Mg isotopic composition of the stromatolitic knobs.
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In this study, new results are presented of investigations on the hydrochemistry
of Storr’s Lake including in situ water chemistry data, major elemental composition, and
saturation state to constrain the source and spatial homogeneity of the lake water. High-
precision elemental analysis was also conducted on the sublayers of a plateau-
mushroom stromatolite and a pinnacle-mound stromatolite collected from the lake in
January 2016. X-ray diffraction (XRD) analysis was coupled with thin section observation
to determine the mineralogy of the sublayers from the two stromatolites and to
characterize the spatial distribution of varied carbonate minerals at the meso-structure
scale. Additionally, carbon, oxygen, and magnesium isotopic compositions (613C, §'20,
52*Mg) of the same sublayers were investigated to gain insight into the mechanism of
organomineralization and laminae formation.

Additional goals of this study are to evaluate the importance of environmental
conditions and microbial metabolic activities on the mineralogic variations between
sublayers of the stromatolites investigated, to determine the mechanisms for laminae
formation (organomineralization) and the associated biogeochemical processes, and to
compare Storr’s Lake stromatolites with other closed-system and open marine
stromatolites in order to create a model of stromatolite formation that may influence future

studies of fossil stromatolites.
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Chapter 2
Geological Setting and Previous Studies of Storr’s Lake
Geographic and Geologic Setting of San Salvador Island, Bahamas

The Bahama Archipelago contains many hypersaline lakes, and is an ideal
setting to study stromatolite formation. The ~1400 km long archipelago is located to the
southeast of the North American continental margin, and consists of 700 islands and
2,500 smaller islets and cays (Figure 2-1A; Curran and White, 1995; Curran, 1997).
These islands are surrounded by shallow-water banks or platforms above thick
sequences of carbonate rock (Curran, 1997). The Bahamas Platform is comprised of
Pleistocene limestone overlying Tertiary and Cretaceous limestone (Bathurst, 1975). The
plateau is submerged to an average depth of >7 to 10 m, and is covered with recent
carbonate sediment deposits (Bathurst, 1975). The platform drops steeply at the edge to
a depth of 200 m at a distance of 2 km or less (Bathurst, 1975). Most of the platform’s
islands consist of a sequence of subtidal, intertidal, and eolian carbonate rocks from the
late Pleistocene and Holocene Epochs (Curran and White, 1995). The Pleistocene and
Holocene units are separated by a disconformity that is marked by karst and soil features,
including terra rossa paleosols, and caliche crusts (Curran and White, 1995). The banks
of the platform are tectonically stable. Some isostatic subsidence does occur, but has
been at equilibrium with carbonate sedimentation since the Early Jurassic (Mullins and
Lynts, 1977; Curran, 1997). The development of sedimentary facies is mainly controlled
by a gradual, eustatic sea level rise (Curran and White, 1995).

San Salvador Island, the field location of this study, is the easternmost island on
the Bahamas Platform (Figure 2-1A and 2-1B). It is located on a small, isolated bank at
the eastern edge of the Bahamas (Curran, 1997). The island is ~11 km wide by 21 km

long, and is surrounded by a narrow platform with a steep, abrupt shelf-edge break on its
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eastern side (Curran, 1997). This drop-off occurs at 36 to 185 m and breaks into a steep
continental slope to about 4700 m (Adams, 1983). The western edge of the platform does
not have a steep drop-off, and is submerged to a depth of about 15 to 20 m (Adams,
1983). Successive stages of carbonate eolian accretion are represented by arcuate
ridges along the island (Curran, 1997). The shorelines of San Salvador Island are
comprised of eroded eolianite headlands, beaches of fine- to medium- grained skeletal
carbonate sand, and Holocene beachrock (Curran, 1997). San Salvador displays the
same shallowing upward sequences that are recognized throughout the Bahamas

(Curran, 1997).

16



| Cactus
Island

¥/ Dim Bay
* Seawater

Figure 2-1 Location map of (A) The Bahamas, (B) San Salvador Island with the location
of Storr's Lake, and (C) sampling locations and transects (labeled in red) of Storr’'s Lake
for this study. Transect N, P, D1, and D2 were published in Neumann et al. (1989), Paul

et al. (2016), and Dupraz et al. (2013), respectively.
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Geographic and Geologic Setting of Storr’s Lake

Storr’s Lake is a hypersaline lake located on the northeastern, windward coast of
San Salvador Island, which is also home to several other hypersaline lakes as well. The
lake is located between the Queen’s Highway to the west and Green Bay to the east
(Fowler, 2011).

Storr’'s Lake is comprised of a large northern sector and a smaller, shallower
southern sector, with a small zone called “the narrows” separating the two (Figure 2-1C;
Zabielski, 1991). The lake once comprised three distinct depositional basins separated by
two bedrock sills running east to west. The three basins were open to the ocean 4,300
170 years ago, but were subsequently closed off from the ocean by the southern
progradation of a spit running north-south (Zabielski, 1991). The northern basin was
closed off first 3,100 £70 years ago, followed by the central and southern basins
(Zabielski, 1991). The three basins became one lake after being flooded during continued
Holocene sea-level rise (Zabielski, 1991). After being closed off, evaporation led to a
concentration of the salt in the seawater that filled the lake, causing the lake to become
hypersaline (Zabielski, 1991).

Being a fairly shallow lake, Storr’s Lake only reaches a maximum depth of two
meters, and water levels fluctuate throughout the year (around 25 cm variations; Mann
and Nelson, 1989). During the dry season (December-April), evaporation reduces the
water level, which recovers during the wet season (May-November) as the result of
increased rainfall and groundwater recharge (Mann and Nelson, 1989). Although some
tidal influx and outflow of seawater does occur through five known conduits at the
northernmost end of the lake and through a small seep in a barrier dune at the southeast
margin, these effects are negligible, and daily tidal fluctuation of lake water levels has

never been observed (Mann and Nelson, 1989).
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Storr’'s Lake is hypersaline and density-stratified, but salinity levels fluctuate
dramatically in response to water level. During dry periods, the salinity of the lake can
increase to as high as 93.5 PSU as salt is concentrated due to evaporation, and salinity
will decrease again to as low as 38 PSU as the salt is diluted by recharge and rainfall
during wet periods (Mann and Nelson, 1989).

Morphological type and distribution of microbialites

Several types of microbialites have been identified in the northern section of
Storr's Lake (Neumann et al., 1989; Paul et al., 2016) (Figure 2-2). With increasing water
depth, the frequency of lithified microbialites increases. Neumann (1989) classified the
morphologies as bulbous crusts, mushroom-shaped heads, and club-shaped heads.
However, Paul et al. (2016) suggested a more detailed classification, which includes
calcareous knobs (Figure 2-3A), plateau-mushroom (Figure 2-3B), pinnacle mound
(Figure 2-3C), cauliflower-top mushroom (Figure 2-3D), and multi-cuspate (Figure 2-3E),

based on a representative transect from the Western Shore to the Cactus Island.

Western Cactus
shore Island
Calcareous Plateau Cheesecake Pinnacle Cauliflower-top ‘Multi-
knobs -Mushroom mat mound Mushroom cuspate’
100-
Dried mats B, 110cm
Pie mounds

Figure 2-2 Overview of the distribution of the types of microbialites in the northern sector
of Storr’s Lake. Figure from Paul et al. (2016).
In the shallowest parts of the lake (Figure 2-2), the calcareous knobs or bulbous
crust exhibits two distinct parts: (i) a lower, darker-colored, fused-granular, carbonate

structure and (ii) an upper, lighter-colored, carbonate structure that has a smoother,
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continuous carbonate buildup compared to the granular bottom portion. The next deepest
forms, the cauliflower-top mushroom and plateau-mushroom, have the same overall
external morphological appearance but vary in certain characteristics. The top surface of
cauliflower-top mushroom consists of bulging carbonate knobs, whereas the top crust of
plateau-mushroom has a reticulated structure (Paul et al., 2016). Moreover, the
cauliflower-top mushroom has carbonate laminations at the bottom and plateau-
mushroom lacks any horizontally stratified layers (Paul et al., 2016). In the deepest parts
of the lake, pinnacle mounds can be found. The upper-most surficial crust of the pinnacle
mound is a continuous layer, which is replaced below by a thrombolitic morphology (Paul
et al., 2016). The multi-cuspate type near the shore of Cactus Island has more

distinguished protrusions, sharper edges with well lithified structures and does not

crumble easily (Paul et al., 2016).

Figure 2-3 Microbialite samples and microbial mats collected from Storr’s Lake. (A)
Calcareous knobs; (B) Plateau-mushroom; (C) Pinnacle mound; (D) Cauliflower-top

mushroom; (E) Multi-cuspate. Adapted from Paul et al. (2016).
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Mineralogy

The mineralogy of the microbialite in Storr's Lake as determined by X-ray
diffraction (XRD) analysis by Dupraz et al. (2013) was relatively constant, revealing high-
Mg calcite with 12 to 17 mol% Mg®* substituting for Ca®". Low-Mg calcite and pure calcite
were not found. Further study by Paul et al. (2016) found a considerable amount of
aragonite in a pinnacle mound and plateau-mushroom microbialite (Figure 2-4). It was
also observed that the mol % Mg in the carbonate minerals of the pinnacle mound-type
microbialite initially decreased from the top to middle positions, but increased moving

from the middle toward the bottom of the microbialite (Figure 2-4A).
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Figure 2-4. XRD analysis of microbialite samples of Storr's Lake: (A) Half-sectioned
pinnacle mound (PM) and (B) half-sectioned plateau-mushroom shaped microbialite.
Figure from Paul et al. (2016). Samples were collected either in the center, C, or at
surface, S. Numbers to the right of the sample locations in (A) and (B) correspond to the
aragonite: calcite percent ratio as determined by XRD analysis. Examples of XRD pattern
for two of the samples, PM-1b-C (C) and Plateau-C (D), show peaks for aragonite and

calcite, shown by the letters A and C, respectively.
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Microbial Activity and Stable Isotopes

Cultivation-independent microbial diversity analyses were performed on five
different types of microbial mats (i.e., calcareous knob, plateau-mushroom, pinnacle
mound, cauliflower-top mushroom shaped) isolated from Storr’s Lake (Paul et al., 2016).
Dendrogram and major bacterial taxa are shown in Figure 2-5, respectively. The mat on
the shallow-water calcareous knob was most similar to the plateau-mushroom microbial
mat in terms of microbial population. Furthermore, the two mats clustered closest with the
cheesecake microbial mat. The deep-water pinnacle mound microbialite grouped closely
with the cauliflower-top mushroom microbialite, both of which are located at greater water
depths and farther away from the western shore of the lake.

At least twelve dominant bacterial phyla were identified in five different microbial
mat communities (Paul et al., 2016). Cyanobacteria were generally low in abundance and
ranged from ~0.01% OTUs (operational taxonomic unit) in the deeper pinnacle mounds
to ~3.2% OTUs in the shallow calcareous knobs (Paul et al., 2016). Other photosynthetic
members included green non-sulfur bacteria of the phylum Chloroflexi and purple sulfur
bacteria of the class Gammaproteobacteria (Paul et al., 2016). All mat types contained

significant amounts of sulfate-reducing and dehalogenating bacteria (Paul et al., 2016).
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Figure 2-5. Dendrogram showing relative percentage abundance of major bacterial taxa

detected in five Storr’'s Lake microbial mats (adapted from Paul et al., 2016).
Carbon isotope data of carbonate laminae from a Storr's Lake Scyfonema knob

(a type of stromatolitic knob with the dominant micro-organism of heterocystous
filamentous cyanobacterium Scyfonema sp.) showed a slighted enriched @ signature
in the upper photosynthetically active lamina (top 1-2mm) of the knob (Figure 2-6), but a
shift to more negative values deeper within the knob (Dupraz et al., 2013). It was
hypothesized that photosynthesis by cyanobacteria consumes lighter carbon at the
surface, whereas the anaerobic respiration of SRB releases lighter carbon at deeper
depth (Dupraz et al., 2013). The combination of the two processes can explain the

carbon isotope signature observed in Dupraz et al. (2013).
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Figure 2-6 Carbon and oxygen isotopic composition of carbonate laminae from Storr’s

Lake. Scytonema knob in red and water in blue (from Dupraz et al. 2013), Big Pond

microbialites (Eleuthera Island, Bahamas; data from Glunk et al. 2009), sediment

collected on Eleuthera Island (Bahamas; Dupraz et al. 2013), and precipitated micritic

crust and ooids from open marine stromatolites (Highborne Cay, Bahamas; data from

Andres et al. 2006). Figure from Dupraz et al. (2013).
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Chapter 3
Methodology
Water Chemistry Analysis

Sample Collection

Field work was conducted on San Salvador Island (SSI) (Figure 2-1B) from
January 6th to 14th, 2016. Samples (water and stromatolitic knobs) were collected from
Storr’'s Lake (Figure 2-1C). Water samples were also taken from Salt Pond, Triangle
Pond, swampland near Six Pack Pond, a freshwater well at the Gerace Research Centre,
and seawater from Dim Bay (Figure 2-1C). Water samples were filtered on site through
disposable 0.45 ym cellulose acetate syringe filters into 60 ml acid-cleaned Nalgene
LDPE bottles and kept in the dark and frozen most of the time until acidification back at
The University of Texas at Arlington (UTA) in June 2016. Stromatolitic knobs were
collected exclusively from Storr’s Lake because they were not observed at any other
sampling sites. Stromatolitic knobs were manually removed from the bottom of Storr’s
Lake. A portion of these samples has been stored in lake water of corresponding sample
sites in a refrigerator at UTA, whereas larger samples were air dried for storage. Historic
water samples (representative of summer 2012 and 2013) were provided for comparison
by Dr. David Wronkiewicz at the Missouri University of Science and Technology and Dr.
Varun Paul currently at Mississippi State University. These older samples were filtered at
UTA prior to acidification and further analysis.
Field Measurements

Locations of sampling sites were recorded as GPS coordinates in NAD27 using a
GARMIN eTrex® 10 and water depths were determined with a meter stick. Air
temperature, humidity and wind speed were measured using a Kestrel 4500 Pocket

Weather Tracker at each site.
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Physical and chemical parameters of the water, including temperature,
conductivity, and dissolved oxygen (DO) were measured in situ at each sampling site
using a portable YSI Professional Plus multi-parameter probe. Calibration of the YSI pH
probe using solutions of 3, 7, and 11 was unsuccessful in the lab, so the YSI was not
used to measure pH in the field. Redox potential was also measured using the YSI multi-
parameter probe for the first few days of field work, but it was determined that the
measurements (extremely negative ORP) were questionable due to issues during
calibration with the Zobell solution. These ORP values are not reported. The YSI multi-
parameter probe was calibrated in the lab every morning of the sampling trip.
Conductivity was calibrated with a 100,000 pS/cm standard (RICCA CAT# 2249-32).
Dissolved oxygen (DO) was calibrated following a 1-point calibration method using water
saturated air as a 100% standard. Duplicate measurements in the field reproduced
values within 1% for water temperature in °C, 2% for conductivity in mS/cm, and 13% for
DO in mg/L.

The measurements of pH were performed using an Accumet AP 115. Duplicate
samples reproduced a standard deviation of 0.01 for pH. A standard of pH 7 was
measured in the field each day, typically multiple times, to correct in situ pH
measurements of the water.

Alkalinity (measured as mg/L CaCO3) and Ca and Mg hardness measurements
were performed within 1 hour (on shore for alkalinity) to 6 hours (at the Gerace Research
Centre for hardness) after sample collection following the colorimetric titration with a
digital titrator HACH method 8203 and HACH method 8329 respectively. Alkalinity
measurements were performed without sample dilution. For Ca and Mg hardness
measurements, samples were diluted 1:100 with ultrapure water before testing. The

ultrapure water was confirmed to not contribute to the hardness values. Duplicate
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samples reproduced within 1 mg/L as CaCO; (SD; n = 2) and 14 mg/L as CaCO; (SD; n
= 3) for alkalinity and Ca/Mg hardness, respectively.

The turbidity of water was measured near the field site on shore after sample
collection with a HACH 2100Q Portable Turbidimeter. A standard of 100 NTU was also
measured to correct the instrument after measurement of water samples. Triplicate
measurements of one sample yielded 3 NTU (SD; n = 3). Data collected, along with
instrumentation used, is reported in Table 3-1.

Table 3-1 Instrumentation for Field Measurements

FIELD METHODS - IN SITU MEASUREMENTS
Parameter Instrument
Coordinates Garmin eTrex 10
Air temperature Kestrel 4500 Pocket Weather Tracker
Humidity Kestrel 4500 Pocket Weather Tracker
Wind speed Kestrel 4500 Pocket Weather Tracker
Water temperature YSI ProPlus Quatro
Water depth Meter Stick
pH Accumet AP 115
Dissolved oxygen YSI ProPlus Quatro
Conductivity YSI ProPlus Quatro
Turbidity Hach 2100 Q
Alkalinity Hach Digital Titrator
Ca and Mg Hardness Hach Digital Titrator
Anions Analysis

Filtered water samples were collected for chloride (CI~) and sulfate (S0%™)
analyses. Samples were stored on ice in the dark in the lab at The University of Texas at
Arlington (UTA) prior to analysis. Chloride and sulfate concentrations were determined
using a Dionex ICS-2100 ion chromatography (IC) system by Dr. Lixin Jin at The
University of Texas at El Paso. Hypersaline samples and seawater were diluted 1000x

with ultra-pure water prior to analysis. External precisions for the IC method confirmed on
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duplicate analyses (n=2) of a standard are 0.4% for C1~ and 1.2% SO3~. Duplicate
measurements of two randomly chosen samples yielded relative standard deviation (RSD)
values of 0.3% for C1~ and 0.2% or less for SO%~. Bicarbonate (HCO3) was calculated
from in situ alkalinity measured in the field.
Cations Analysis

The filtered water samples were acidified using trace metal grade nitric acid to
preserve the dissolved metal ions. Hypersaline samples and seawater were diluted 100x

+1

to 500x in 2% trace metal grade nitric acid for cation analysis. Ca*?, Mg*?, Na"', K*', and
Sr*? concentrations were measured by a Shimadzu ICPE-9800 inductively coupled
plasma optical emission spectrometer (ICP-OES) at the Shimadzu Center for Material
Science and Environmental Forensics at UTA. Measurements were made at wavelengths
183.801 (Ca), 285.213 (Mg), 589.592 (Na), 766.490 (K) and 216.596 (Sr). Bulk, mixed
standard solutions were prepared with certified ICP standard solutions and were used for
calibration and for quality control checks during each run. Based on replicate analyses
(n=3) of an intermediate concentration standard during the analytical run, the external
precision for all cations is better than 2.5% (RSD). The internal precisions based on
duplicate measurements of randomly chosen samples resulted in a range of RSD values
of 2.9% to 3.7% for Ca; 5.1% to 9.4% for Mg; 0.5% to 6.0% for Na; 0.9% to 10.1% for K,
and 3.6% to 7.2% for Sr.
Saturation Index and lonic Strength Calculation

After ion analysis, water chemistry data from each sampling location were used
to calculate saturation indices of potential minerals (calcite and aragonite) and ionic
strength using the Geochemist’'s Workbench Student Edition (Bethke and Yeakel, 2016).

Saturation indices (S.l.) are calculated as the log of the ratio of a mineral’s ion activity

product (IAP = the product of the activities of dissolved ions, i.e., {Ca?*}x{C03%7}) to the
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mineral’s solubility product (Ksp), following the equation Sl=log(IAP/Ksp) (Stumm and
Morgan, 1996). The molar ionic strength, I, of a solution is a function of the concentration

of all ions present in that solution (Green, 1993). The function is denoted as:

=%k, cizi? (3-1)
with the coefficient one half is because both cations and anions are included, c; is the
molar concentration of ion i (M = mol/L), z; is the charge number of that ion, and the sum
is taken over all ions in the solution.

Stromatolite Sample Digestion and Elemental Analysis
Sample Digestion and Preparation

Seventeen surface and sublayer samples of field or lab sectioned stromatolite
samples WS1 and WN7 were carefully hand-picked, with the material being collected
within individual layered features of the bioherms. All samples were gently hand crushed
to a powder by using an agate mortar and pestle, rinsed three times with ultrapure water
to remove soluble salts and low density organic particles, and then dried in an oven at
55°C overnight.

Around 6 mg of each rinsed powdered sample was weighted into 7 ml acid
cleaned Teflon vials. Then the samples were dissolved in 1 mL 2N Teflon distilled HCI,
after which the vials were capped and sonicated for 30 min and dried on a hot plate at
90°C. Approximately 1 ml of 30% H,O, was added to the sample vial containing the dried
residue, after which the vials were capped, sonicated for 5 min, and placed on a hot plate
at 90°C for 30 min. The vials were then uncapped and the samples were allowed to
evaporate to dryness. The process was repeated a second time to ensure the removal of

organic carbon, after which the samples were dissolved in 3 ml of 2% Teflon distilled

HNOj3. One third of the dissolved sample was removed from the vials to acid-washed
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tubes for elemental analysis, the remainder was used for Mg isotope analysis. A
complete procedural blank was prepared as well.
Elemental Analysis of Stromatolite Samples

The dissolved stromatolite samples were further prepared for elemental analysis
by dilution with 4 ml of 2% Teflon distilled HNOj3 to form 5 ml of solution required for
analysis. Bulk mixed standards and blanks were prepared in the same acid using certified
plasma standard solutions. The Shimadzu Inductively Coupled Plasma Atomic Emission
Spectrometer (ICPE-9800) in the Shimadzu Center for Environmental Forensics and
Material Science at UTA was used to measure the concentrations of Ca, Mg, Sr, and Na
in all samples. Measurements were made at wavelengths of 183.801 (Ca), 216.596 (Sr),
285.213 (Mg), and 589.592 (Na). The procedural blanks were < 0.75 ug for Ca, < 0.09 ug
for Mg, < 0.15 ug for Na, and < 0.009 ug for Sr, which represented < 0.09% of Ca, < 0.27%
of Mg, < 1.47% of Na, and < 0.05% of Sr in the total dissolved samples. Based on
replicate analyses (n=3) of an intermediate concentration standard during the analytical
run for samples from WS1 the external precision for all cations is better than 2.0% (RSD).
The internal precisions of the ICP-OES on the measured Ca, Mg, Sr, and Na
concentrations based on three repeat measurements of the sample solution during a
single analytical run are better than 0.94%. (RSD), 2.65% (RSD), 1.02% (RSD), and 2.83%
(RSD), respectively.

X-ray Diffraction (XRD) Analysis

Seventeen surface and sublayer samples of stromatolite samples WS1 and WN7
were analyzed for their mineralogical composition by using XRD analysis. The rinsed and
dried powered samples were press-mounted into sample holder disks and scanned
between 3 to 65° two-theta at a scan rate of 2° (2-theta) per minute using a MAXima X

XRD-7000 X-Ray Diffractometer with a CuKa radiation source and a rotation sample
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stage in the Shimadzu Center for Environmental Forensics and Material Science at UTA.
The software program used in the operation of the instrument is MDI Jade 9, which
allowed for a semi-quantitative comparison of the relative percentages among the
minerals identified. The software automatically calculates the area of the peaks observed
for the high-Mg calcite and aragonite and correlates the area to calculate the relative
percentages.
Carbon and Oxygen Isotope Analysis

The stable isotopic composition of carbon (C) and oxygen (O) were determined
on the carbonate fraction of surface and sublayer samples of stromatolitic knobs WS1
and WN7 in the Light Stable Isotope Laboratory at UTA. Approximately 300 pg of
homogenized powdered samples and both in-house standard (UHTA) and international
standards (NBS 19 and NBS 18) were loaded into acid-cleaned serum-top reaction
bottles, and their weights were documented. Reaction bottles were flushed with ultra-high
purity helium for 10 min and then were injected with ultra-pure 100% phosphoric acid
(HsPO,) at 75 °C to produce CO,. Headspace was analyzed for '°C and 5'°0 of the
evolved CO, at standardized equilibration times using a Thermo Gas Bench Il connected
to a Finnegan Delta V Advantage isotope ratio mass spectrometer. Delta values were
calibrated to NIST calcium carbonate reference material NBS 18 and 19 and are reported
relative to VPDB. The standard deviations of both C and O isotope values, based on
repeated analysis of in-house standards, are less than 0.15%..

Magnesium Isotope Analysis

Separation of Mg from the sample matrix was achieved by a two-step cation
exchange chromatography in a clean lab. The first PFA column (installed with a 4.0 mm
PTFE frit, 30 micron) was loaded with ~2.3 ml of Bio-Rad 200-400 mesh AG® 50W-X8

pre-cleaned resin (rinsed with > 9 times column volume of 8N ultrapure HCI and 18.2 MQ
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Milli-Q® ultrapure water). This resin was further cleaned with > 9 times column volume of
1 N HNOj; and Milli-Q® water. Samples containing ~20 ug of Mg were loaded onto the
columns. Magnesium was eluted through this first column with 1N teflon distilled HNOs;.
Because Mg isotopes can be significantly fractionated during ion exchange reactions on

the columns it is essential to obtain ~100% Mg yield from the column chemistry. To

assure close to 100% Mg yield, the position of the Mg cut was determined using both a
pure Mg standard solution and a seawater sample. Magnesium elution curves were not
noticeably shifted for these two different matrix compositions and Mg was eluted
completely through the columns with 15 ml of 1 N HNOj (Figure 3-1; Appendix D). This
column procedure was conducted one time for each sample to obtain a pure Mg solution.
Each sample was checked for recovery of Mg using ICP-OES. It was found that Ca was
collected within the Mg cut for some samples with high Ca/Mg molar ratios some Ca was
collected within the Mg cut. These samples were further purified using a second PFA
column prior to Mg isotope analysis. The second PFA column (installed with two 1.57 mm
thick porous UHMW Polyethylene frits, 70 micron) was loaded with ~0.6 ml of pre-
cleaned Mitsubishi 75-100 mesh MCI Gel-CK0O8P cation exchange resin. The resin was
eluted with 3.575 ml of 1.8 N HCI, leading to complete separation of Mg from Ca (Figure
3-2). The whole procedural blank was less than 32 ng (representing <0.16% of loaded

Mg), which is insignificant relative to the amount of Mg loaded on the column.
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Figure 3-1 Elution curves of Mg and matrix elements for a seawater sample on a 15 mL
column (4.0 mm inside diameter x 6.3 mm outside diameter x 20 cm capillary). The Mg
purification procedure is conducted with cation exchange resin AG® 50W-X8 and 1N

distiled HNO3. The shaded yellow interval is the Mg cut collected for isotopic analysis.
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Figure 3-2 Elution curves of Mg and matrix elements for a seawater sample passed
through a 6 mL column (2.4 mm inside diameter x 4.0 mm outside diameter x 15 cm
capillary). The Mg purification procedure is conducted with MCI Gel-CKO8P resin and

1.8N distilled HCI. The yellow shaded interval is the Mg cut collected for isotopic analysis.
Water and carbonate samples processed through column chemistry were
transported and measured with a multi-collector inductively coupled plasma mass
spectrometer (Thermo Fisher Neptune Plus MC-ICP-MS) at Penn State’s Metal Isotope
Laboratory (MIL). Following column chemistry, purified samples were resuspended and
diluted in 0.3 N (2%) teflon distilled HNO3 to a Mg®* concentration of 200 ppb, and
introduced to the MC-ICP-MS as a dry aerosol using a Cetac Aridus Il desolvating
system with a 100 pL/min C-flow PFA nebulizer (RF power 1200 W). When optimized,
the Aridus technique effectively removes solvent-derived polyatomic interferences (e.g.,
2¢c™c*, ?C™N*, and "*C"™CH") while maintaining a stable signal. A Ni Spectron jet

sampler cone and a Ni Spectron skimmer cone were used, resulting in a 7-10 V **Mg ion
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beam. Measurements were made in medium mass resolution, and ion beams at masses
24 (**Mg"), 25 (**Mg"), and 26 (*®*Mg") were monitored on the L3, C, and H3 Faraday
cups, respectively. Typical background intensities at masses 24 and 26 measured in the
wash solution of 2% HNO3;, were <22 mV and <3 mV, respectively.

Isotope ratios were collected in a single 35 cycle block, with an 8 s integration
time and a 5 s idle time. Each measurement was conducted with a 2.5 min take up time
for the samples and a 5 min wash in clean 2% HNO3. Magnet stability was assessed by
the relative standard deviation of each 35 cycle run. Samples were measured in duplicate,
with each sample analysis bracketed by measurements of pure Mg DSM3 standard
solution. The in-run precision on the 26Mg/z“Mg ratio for a single measurement run of one
block of 35 cycles is < + 0.08%o (2SD). The internal precision on the measured *°Mg/**Mg
ratio based on 22 repeat runs of same sample solution during a single analytical session
is £ 0.20%o (2SD). The external precision on the 626Mg, based on repeated analyses of a
sample (including multiple full procedural replicates) performed over the course of this
investigation is < + 0.07%o (2SD).

The alignment of the leading edges of the various Mg-specific ion beams was
assessed during the warm-up and tuning period utilizing a pure Mg DSM3 standard
solution. The ideal plateau mass was adjusted prior to measurement to ensure that each
analytical session was conducted under relatively stable signals.

After March analyses of Mg isotopic compositions at Penn State, a new column
procedure was used to eliminate a potential Si effect on Mg isotope analysis, which might
be ascribed to the lack of in-column resin cleaning with hydrofluoric acid in the old
column method. The new column method was developed based on the column

procedures in Wombacher et al. (2009).
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Mg purification for seawater-like samples (with high Mg and low Ca) was
achieved by a single step of cation exchange chromatography, while a two-step cation
exchange chromatography was essential for the separation of Mg from matrix in
carbonate samples (with high Ca and low Mg). For both chemical separation steps, 1 ml
Bio-Rad 200-400 mesh AG® 50W-X8 cation exchange resin was used. The resin was
cleaned prior to loading in the columns; the same as the old column method. The ion-
exchange columns were made of LDPE pasteur pipettes (AlphaLaboratories LW4691)
with an inner diameter of 5.3 mm. The pasteur pipettes were cut on the top and bottom to
create the column and allow for a resin bed height of 50 mm. To hold the resin in place
1.57 mm thick porous UHMW polyethylene discs (70 mm pore size) were punched out,
and forced into the bottom of the columns. Liquid flow through the resin bed was driven
by gravity only, with about 1 ml eluting in 9 min. Sub-boiling Teflon distilled HCI and
ultrapure HF were used in the column procedures.

The first column procedure (for carbonate samples only) was used to separate
Mg and matrix from Ca (Appendix E). After loading the resin in the columns, the resin
was first cleaned with 3 ml 0.5N HF and 3 ml Milli-Q H,O alternating three times, and
then cleaned with 3 ml 10N HCI and 3 ml Milli-Q H,O afterwards, and finally conditioned
with 2 ml 10N HCI. The resin level was adjusted to the joint of the reservior and the
capillary after the cleaning steps on the column. Samples containing ~20 ug of Mg
(dissolved in 250 pl 10N HCI) were loaded onto the columns. Magnesium elution curves
with two doped solutions (Ca/Mg molar ratio of 8 and 100 to simulate high-Mg calcite and
aragonite, respectively) and a seawater sample were created (Figure 3-3). Magnesium
and matrix were eluted through the first column procedure with 2.5 ml 10N HCI. One third
of the collected samples were checked for Mg recovery using ICP-OES, and the rest (two

thirds) of the samples were further purified using the second column procedure
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(Appendix E). After cleaning the resin in the columns (the same as the first column

procedure), the resin was conditioned with 3 ml 0.4N HCI and loaded with samples

containing ~20 or 14 pg of Mg (20 g for water samples and 14 ug for carbonate

samples). The calibration experiment with a seawater sample (Figure 3-4) resulted in

complete separation of Mg after rinsing the loaded column with 28 ml of 0.4N HCI

followed by 1 ml of 1N HCI and collecting the next 13 ml of 1N HCI. The whole procedural

blank was less than 50 ng (representing <0.25% of loaded Mg).
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Figure 3-3 Elution curves of Mg and matrix elements for (A) a doped solution with Ca/Mg

molar ratio of 8, (B) a doped solution with Ca/Mg molar ratio of 100, and (C) a seawater

sample for the first step column chromatography. “SSI” represents San Salvador Island.
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Figure 3-4 Elution curves of Mg and matrix elements for a seawater sample for the
second column chromatography. “SSI” represents San Salvador Island.

The water and carbonate samples prepaired with the new column method were
analyzed for their Mg isotopic compositions on the MC-ICP-MS at Penn State’s Metal
Isotope Laboratory (MIL) in June using the Apex desolvating system which is different
from the Cetac Aridus Il desolvating system used in the March analyses. All other
settings on the MC-ICPMS were the same between the March and June analyses.

Instrumental mass bias is corrected using a sample-standard bracketing
approach. Additionally, the measurement of multiple in-house standards (CAM-1, SRM-
3131a, and Fang-Zhen Teng'’s laboratory standard, FZT-Mg) in each analytical session
were used to assess analytical accuracy. On the MIL Neptune Plus MC-ICPMS, CAM-1

yielded 8°Mg = -2.54 + 0.10%o (20, n = 27), SRM-3131a yielded 5°Mg = -3.02 + 0.12%o
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(20, n = 25), FZT-Mg yielded 5°°Mg = -2.26 + 0.16%0 (20, n = 29), and NIST980 yielded
5°°Mg = -4.22 + 0.07%o (20, n = 5). CAM-1 has an accepted 5°°Mg value of -2.58 + 0.14%o

(Galy et al., 2003). FZT-Mg has a 5°°Mg value of -2.28 + 0.03%. (Jacobson et al., 2010).
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Chapter 4
Results
Water Chemistry

Water chemistry was measured throughout Storr’s Lake at different depths and
locations. The total water depth (from the top of the microbialite head to the water surface)
of the sampling locations ranged from 40 cm to 120 cm. Table 4-1 provides the average
values for the parameters measured in the lake in January 2016. Water parameters were
reported as average values + standard deviation of diversity. The detailed water
chemistry of each sample and location is provided in the Appendices A and B.

For most water parameters, the values of the northern and southern sectors of
the Storr's Lake were not significantly different. The average (£ SD) pH (north: 8.42 +
0.09; south: 8.40 £ 0.05), conductivity (north: 56.32 + 1.27 mS/cm; south: 56.12 + 1.67
mS/cm), and salinity (north: 36.66 + 0.51 PSU; south: 36.64 + 1.03 PSU) of the northern
and southern sectors were the same. The ocean water collected from nearby Dim Bay
had a conductivity reading of 45.90 mS/cm equal to a salinity value of 29.02 PSU.

The average calcium hardness in northern sector was 1397 + 62 mg/L as CaCOQOs,
and that of magnesium was 7322 + 218 mg/L as MgCOs3;, and the southern sector had
similar average calcium hardness (1361 + 30 mg/L as CaCO3) and average magnesium
hardness (7403 + 186 mg/L as MgCO3). The average (+ SD) Ca and Mg concentrations
of the two sectors were also very similar (13.40 £ 0.18 mg/L and 60.38 + 0.99 mg/ L for
north; 13.61 £ 0.17 mg/L and 61.78 = 1.87 mg/ L for south). The two sectors had similar
Mg/Ca molar ratios (4.52 + 0.07 for northern sector and 4.54 + 0.09 for southern sector)
and identical Sr/Ca molar ratios (0.012). The northern sector had a slightly lower total
alkalinity (121 £ 17 mg/L) value when compared to that of the southern sector (142 + 11

mg/L). The average (+ SD) turbidity of the two sectors were very similar, but the northern
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sector (123 £ 42 NTU) displayed much more variability than the southern sector (98 + 6
NTU).

Depth profiles at four locations (north: WN3, WN4, and SWN1; south: WS1;
Figure 2-1) were systematically studied to observe the variations of the water parameters
with water depth (Appendix A). Dissolved oxygen consistently showed a decreasing trend
from the shallow to deeper water levels at each location (Figure 4-1A). The average
dissolved oxygen decreased from 7.04 + 1.08 mg/L at 0~25 cm to 6.51 + 1.04 mg/L at
25~50 cm, 5.88 £ 1.59 mg/L at 50~75 cm, 5.08 + 1.79 mg/L at 75~100 cm, and 2.97 +
2.05 mg/L at >100 cm. The decrease of water temperature correlated with the increase of
water depth at three locations (WN4, SWN1, and WS1; Figure 4-1B). At WN3, the water
temperature displayed a decreasing trend with water depth from 5 cm to 80 cm and an
increasing trend from 80 cm to 116 cm (Figure 4-1B). Although conductivity decreased
with water depth at most locations (WN4, SWN1, and top 60cm of WN3), WS1 did not
show this trend and WN3 increased conductivity deeper than 60cm (Figure 4-1C). For
WN3, WS1, and SWN1 depth profile, pH generally decreases with water depth, however

this trend is not observed in the WN4profile (Figure 4-1D).
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Figure 4-1 Variations of the (A) dissolved oxygen, (B) water temperature, (C)
conductivity, and (D) pH with water depth at sampling locations of WN3, WN4, SWN1,
and WS1 in Storr’s Lake. The lack of measuring pH values at some water depths results
in the missing data points in (D).

The swampy area where the conduit on the west side of the lake was sampled
from a nearby depression and swamp is separated from Storr’s Lake by a roadway

(Figure 2-1C). There was a distinct delineation seen in the lake, where the brownish
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conduit water mixed with the more turbid and hypersaline lake water. The average (x SD)
conductivity of the conduit water was 3.34 £ 1.11 mS/cm with a pH of 7.96 £ 0.17. The
average (x SD) calcium, magnesium, potassium, and sodium concentrations of the
conduit water were 2.03 £ 0.07, 2.10 £ 0.05, 0.65 £+ 0.34, and 19.3 £ 0.4 mg/L,
respectively.

Proceeding from the lake shore to the more distant locations, the pH, conductivity,
water temperature, and dissolved oxygen values showed a distinct transverse distribution
in the near-surface water collected from the top several centimeters of water at these
locations. For example, along the WN transect (Figure 4-2A and 4-2B) from west to east
pH becomes higher (8.41 to 8.53) and conductivity shows a generally increasing pattern
(54.4 to 56.8) traversing from the western shore to the Cactus Island. Both water
temperature and dissolved oxygen increase lakeward first (starting from WN1 to WN2
and to WN3) and then decrease from WN3 to WNS8 (the furthest from the shore; Figure 4-

2C and 4-2D).
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Figure 4-2 Variations of the (A) pH, (B) conductivity, (C) water temperature, and (D)
dissolved oxygen with the distance from shore at WN transect (from the western shore to
Cactus Island) in Storr’s Lake. All the data were measured at a water depth of 5 cm. The

five measuring points are conduit-N, WN1, WN2, WN3, and WN8 in an order of
increasing distance from shore.

The calculated saturation index (Sl) indicates whether or not a water is
supersaturated with respect to aragonite and/or calcite (SI > 0). For aragonite, the S
values of northern and southern sectors averaged 0.75 and 0.81, respectively. The
corresponding calcite Sl values were 0.92 and 0.95. All values in the lake were higher

than seawater.
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Table 4-1 Water chemistry parameters measured or calculated for Storr’s Lake water, conduit water, well water, and Dim Bay

seawater collected in January 2016.

Sample Temperature pH Conductivity Salinity®  Turbidity DO" Total Alkalinity Ca hardness
°C mS/cm PSU NTU mg/L mg/L as CaCO; mg/L as CaCO;
Northern
Sector 25.9 8.42 56.32 36.66 123.0 6.36 121 1397
stdev® 0.7 0.09 1.27 0.51 42.0 1.67 17 62
n 60 46 60 60 16 60 16 16
Southern
Sector 25.9 8.4 56.12 36.64 98.0 4.65 142 1361
stdev 0.7 0.05 1.67 1.03 6.0 2.51 11 30
n 13 10 13 13 7 13 7 7
Conduit 24.7 7.96 3.34 1.74 0.7 4.46 273 250
stdev 3.1 0.17 1.11 0.50 0.1 0.60 10 28
n 4 4 4 4 2 4 2 2
GRC Well 26.2 7.54 n/a n/a 1.9 3.60 247 n/a
stdev n/a’ n/a n/a n/a n/a n/a n/a n/a
n 1 1 n/a n/a 1 1 1 n/a
Seawater 26.1 8.13 45.90 29.02 0.8 7.05 118 950
stdev n/a n/a n/a n/a n/a n/a n/a n/a

n
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Table 4-1—Continued

Sample Mg hardness Ca™ Mg** Na® K" Sr* HCOy Cr SO
mg/L as CaCO; mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L
Northern
Sector 7322 13.40 60.38 564.8 12.37 0.16 2.50 680.4 38.6
stdev 218 0.18 0.99 6.6 0.39 0.01 0.15 180.2 10.7
n 16 12 12 12 12 12 16 12 12
Southern
Sector 7403 13.61 61.78 574.5 12.60 0.16 2.84 744.1 39.0
stdev 186 0.17 1.87 15.8 0.39 0.01 0.22 71.8 39
n 7 7 7 7 7 7 7 7 7
Conduit 450 2.03 2.10 19.3 0.65 0.06 5.46 22.1 0.5
stdev 255 0.07 0.05 0.4 0.34 0.00 0.20 1.5 0.4
n 2 2 2 2 2 2 2 2 2
GRC Well n/a 1.10 1.42 2.5 0.09 0.09 4.94 3.3 0.5
stdev n/a n/a n/a n/a n/a n/a n/a n/a n/a
n n/a 1 1 1 1 1 1 1 1
Seawater 5950 10.32 53.12 439.2 9.84 0.08 2.36 346.8 26.8
stdev n/a n/a n/a n/a n/a n/a n/a n/a n/a

n
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Table 4-1—Continued

Sample Mg/Ca Sr/Ca SIcalcite SIaragonite
mole/mole mole/mole
Northern
Sector 4.52 0.012 0.92 0.75
stdev 0.07 0.000 0.11 0.11
n 12 12 12 12
Southern
Sector 4.54 0.012 0.98 0.81
stdev 0.09 0.001 0.07 0.07
n 7 7 7 7
Conduit 1.04 0.030 0.68 0.51
stdev 0.06 0.000 0.02 0.02
n 2 2 2 2
GRC Well 1.30 0.084 0.27 0.11
stdev n/a n/a n/a n/a
n 1 1 1 1
Seawater 5.15 0.008 0.70 0.53
stdev n/a n/a n/a n/a

n
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@ Salinity was calculated by multiply the conductivity value with 0.667 to obtain PSU value (Boyd, 2002).

®“DO” represents “dissolved oxygen”.

Cu

stdev” represents “standard deviation”.

4“GRC Well” represents “Gerace Research Center well”.

e «

n/a” represents “not applicable”.



Stromatolite Morphology

The pinnacle mound (terminology from Paul et al. 2016) sample (WS1) was
collected from the southwestern shore of Storr’s Lake at a water depth of 111 cm (Figure
4-3). The hand sample was the side part broken off a much larger mound (Figure 4-4)
and was split off with a soil shovel in the field. The mound was found attached to a
mangrove root or branch at the base with a dated “c age of 2120 + 30 yr. The hand
sample was ~22 cm long, ~6 cm wide, and ~18 cm tall and the entire mound was ~38 cm
long, ~32 cm wide, and ~25 cm tall. The sample appeared buff at the top and light
brownish with some reddish layers at the core and the bottom. The surficial crust was
smooth and consisted of a hard bulbous structure with green spots scattered on top of it
showing the residues of the microbial mat. The crust was about 7 to 8 cm thick at the top
of the mound and was followed by continuous horizontal laminations within the interior of
the sample shown below (Figure 4-5). The fine-laminated layers were very fragile and

crumbled easily.

Figure 4-3 Front view (A) and side view (B) of the pinnacle mound sample (WS1)

collected from the southern sector of Storr’'s Lake about 250 meters from the western

shore.
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Figure 4-4 Photograph of WS1 and the entire mound and where the collected hand

sample was split off (in the person’s left hand).

2.4cm

Figure 4-5 (A) Interior view of WS1 with white lines showing the identified laminations; (B)
zones outlined in (A) illustrating the different growth phases: light green represents the

top crust, light and dark grey represent horizontal layers.
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The plateau-mushroom (terminology from Paul et al. 2016) sample (WN7) was
pulled from the soft muddy sediment at the deepest part of the lake. It was covered in soft
mud and lacked any green spots on the surface. The sampling location was along the
WN transect (from the western shoreline to the Cactus Island, Figure 2-1C) at a water
depth of ~60 to 70 cm. The entire sample was large (~30 cm long, ~22 cm wide, and ~20
cm tall) and had a buff color (Figure 4-6). The top crust had a branched, networked
structure on the surface and a solid region below (as seen in cross-section) lacking any
prominent, horizontal stratified layers that extended between 5 and 6 cm at the top of the
sample. In its bottom-most region, it exhibited well-laminated layering for 2—-3 cm (Figure

4-7).

Figure 4-6 Top view (A) and side view (B) of the plateau-mushroom sample (WN7)

collected from the northern sector Storr’s Lake about 293 meters from the western shore.
The whole hand sample was sawed in half (B). The analyzed specimen was the left

(smaller) half.
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Figure 4-7 (A) Interior view of WN7 with white lines showing the identified laminations; (B)
zones outlined in (A) illustrating the different growth phases: light green represents the
top crust and grey represents laminations.

Microscopic Characterization

Petrographic analysis of thin sections revealed that the interior of the pinnacle
mound and plateau-mushroom is characterized by a large amount of void space, trace
amount of organic material and skeletal detrital components, with the bulk of the material
made up of several forms of micrite and microspar (Figure 4-8 and Figure 4-10B). Micrite
(crystal grains with diameters <4 uym; Folk, 1959) occurs in a clotted fabric with peloidal
clusters and exhibits opacity suggesting that it is not only fine-grained but also contains
organic material, whereas microspar (diameters 4-10 um) exhibits more clarity and a
crystalline form (Figure 4-10A and Figure 4-11). Brown to dark patches suggest some
organics are preserved within the dense micrite (Figure 4-8). Some trapped sediment
grains (e.g., ostracod shell) and micritized ooids are found primarily within the dense
micritic laminae (Figure 4-9).

The smooth outer crusts (both the top and the sides of the pinnacle mound and

plateau-mushroom) in thin sections are characterized by thin laminations and mainly
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composed of microspar; Figure 4-10A). The interior of the pinnacle mound (WS1) has the
thickest and least laminated peloidal and clotted micrite separated by pore space (~0.5-
1mm) (Figure 4-10B). Microspar also lines cavities in the clotted and peloidal micrite

(Figure 4-11).

Figure 4-8 Polarized light thin section micrograph of pinnacle mound interior (WS1-1)

showing organics and micrite.
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lamination

Figure 4-9 Polarized light thin section micrograph of pinnacle mound lamination (WS1-6)
close to the side surface showing trapped grains (ostracod shell and micritized ooid) and

micritic lamination.

™~
microspar

‘\

lamination

4

Figure 4-10 Polarized light thin section micrograph of plateau-mushroom (WN7). (A) crust
zone (WN7-ii) showing microspar and laminated structure and (B) interior zone (WN7-3)

showing clotted micrite that separated by pore space (~0.5-1 mm).
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microspar

Figure 4-11 Polarized light thin section micrograph of pinnacle mound crust (WS1-i)
showing microspar lined cavity in micrite and clotted micrite rimmed with microspar.
Mineralogy and Elemental Composition of Stromatolite Sublayers
Mineralogy
X-ray diffraction (XRD) analyses (Appendix B) were conducted with individual

samples collected from multiple positions within the pinnacle mound (WS1; n = 13) and
plateau-mushroom stromatolitic knob (WN7; n = 5) to discern whether any spatial
variability exists with respect to aragonite and high Mg-calcite content (Table 4-2). Some
stromatolitic sublayer samples (n = 8) were found to contain trace to minor amount of
halite as determined by XRD, which was ascribed to incomplete deionized water rinse

prior to analysis.
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High-Mg calcite was the dominant mineral (>87 wt.%) found in the samples
collected from the top 8 cm surficial bulging crust of the pinnacle mound (Figure 4-12;
WS1-i, WS1-ii, and WS1-iv), with minor amounts of aragonite detected. However,
aragonite content increased (18-28 wt.%) in the deeper layers (WS1-1B and WS1-1)
where continuous horizontal laminations were observed. The aragonite weight
percentage reached the highest with a value of 96 wt.% at the central core of the
stromatolitic knob (WS1-5 to WS1-6) located ~13 cm below the top surface and then
aragonite weight percentage decreased a little to 78 wt.% at the base of this stromatolitic

knob (WS1-9).

Mg/Ca = Sr/Ca ol
weight % S (momo) & 8 (molmo) T
00 o o o o
0 llllllllllllllllll
L] Ll
. .
High-Mg Calcite
(Wt.%) . 3

-90

Depth (mm)

-120

-150

-180 :
Figure 4-12 Sampling locations, mineralogical compositions from XRD, Mg/Ca molar

ratios and Sr/Ca molar ratios from ICP-OES of the dissolved solid subsamples of the
WS1 pinnacle mound sample. Lines connect samples that were sampled in a continuous
sequence.
In the plateau-mushroom (Figure 4-13), the uppermost bulging knobs (WN7-i and
WN7-ii) were enriched in high-Mg calcite (>75 wt.%) similar to the pinnacle mound, and
the core to bottom (also interior) lateral layers (WN7-1, WN7-3, and WN7-4) mainly

consisted of aragonite with weight percentages ranging from 87% to 90%. For both types
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of stromatolitic knobs that were evaluated, there was an overall trend with aragonite/high-
Mg calcite weight percentage ratios decreasing outward from the interior samples to the
surface (i.e., WS1: 96/4 for interior core versus 6/94 for surficial sample; WN7: 90/10 for

interior core versus 7/93 for surficial sample).

o
weight % 8 Mg/Ca 8 Sr/Ca
100 5 (mo/mol) S o (mol/mol)
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Figure 4-13 Sampling locations, mineralogical compositions from XRD, Mg/Ca and Sr/Ca

molar ratios from ICP-OES of the solid subsamples of the WN7 plateau-mushroom

sample.
Elemental Concentration
Insoluble components were not detected as residues by visual inspection

following deionized water rinse (to remove salts), 2N hydrochloric acid digestion, and
30% hydrogen peroxide oxidation (to remove organic matter) performed on the solid
powdered subsamples of the two stromatolitic knobs investigated. Concentrations of Na
were at, or just above, detection limit of the ICP-OES (10 ppb). Variable mol % Mg (mol
% Mg = (Mug/Mca+mg)*x 100%; 0.6—13.6% for WS1; 1.8-12.2% for WN7), Mg: Ca molar
ratios (0.01-0.16 for WS1; 0.02-0.14 for WN7), and Sr: Ca molar ratios (0.003-0.015 for

WS1; 0.004-0.013 for WN7) were identified in the samples analyzed (Table 4-2).
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An inverse correlation was noted in both the pinnacle mound (WS1) and the
plateau-mushroom (WN7) between the aragonite weight percentage and mole % Mg
(Figure 4-14A). Both the pinnacle mound and plateau-mushroom displayed a sudden
drop of mole % Mg from the outer crusts to the interior laminated zones. This signature
was consistent with the sudden variations observed in aragonite weight percentage,
Mg/Ca molar ratio, and Sr/Ca molar ratio. The Sr and Mg values obtained from ICP-OES
analysis did correlate positively with the XRD aragonite and high-Mg calcite trends,
respectively. In other words, a positive relationship was observed between wt.% Mg-

calcite and Mg/Ca molar ratio; and wt.% aragonite and Sr/Ca molar ratio.

A 16 B 16
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Figure 4-14 Mole % Mg shows (A) inverse correlation with aragonite weight percentage
and (B) positive correlation with high-Mg calcite weight percentage for pinnacle mound

(WS1) and plateau-mushroom (WN?7).
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Table 4-2 ICP-OES results and mineralogical compositions for the stromatolite subsamples showing the profile positions as noted

in Figures 4-12 and 4-13.

wt.% Molar ratio Mol. % wt. %/wt. %
Sample Ca Mg Sr Ca : Mg Mg : Ca Sr: Ca Mg Aragonite / Mg-calcite
Pinnacle mound
WS1-i 314 30 0.2 6.3 0.16 0.003 13.6 6/94
WS1-ii 33.1 2.8 03 7.2 0.14 0.004 122 13/87
WS1-iv 314 2.9 0.2 6.6 0.15 0.003 13.2 6/94
WSI1-1B 30.7 2.5 04 7.5 0.13 0.005 11.7 18/82
WSI1-1 32.6 24 05 83 0.12 0.006 10.7 28/72
WS1-2 359 09 0.9 25.6 0.04 0.011 3.7 75125
WS1-3 359 0.6 1.0 347 0.03 0.013 2.8 83/17
WS1-4 359 0.2 1.1 107.4 0.01 0.013 0.9 94/6
WS1-5 36.3 0.2 1.1 146.1 0.01 0.014 0.7 96/4
WS1-6 35.8 0.1 1.1 154.8 0.01 0.014 0.6 96/4
WS1-7 347 05 1.1 40.8 0.02 0.014 24 86/14
WS1-8 345 04 1.1 47.8 0.02 0.015 2.0 92/8
WS1-9 339 0.8 1.0 242 0.04 0.013 39 78122
Plateau-mushroom
WN7-i 30.1 2.6 0.3 7.1 0.14 0.004 12.2 7/93
WN7-ii 32.0 2.1 0.4 9.2 0.11 0.006 9.7 25/75
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Table 4-2—Continued

wt. %

Molar ratio Mol. % wt. %/wt. %
Sample Ca Mg Sr Ca : Mg Mg : Ca Sr: Ca Mg Aragonite / Mg-calcite
Plateau-mushroom
WN7-1 35.0 0.4 0.9 51.3 0.02 0.012 1.9 87/13
WN7-3 34.0 0.4 1.0 54.0 0.02 0.013 1.8 90/10
WN7-4 34.7 0.4 1.0 55.4 0.02 0.013 1.8 88/12




Carbon and Oxygen Isotopes

Oxygen isotope ratios relative to VPDB (6180) in the carbonate sublayers from
the pinnacle mound and plateau-mushroom have a mean value of 1.1%. with a standard
deviation of +0.3%o (n= 18) and ranged between 0.7%o and 1.9%.. Much more variation is
seen in the 8'"°C values (Table 4-3). The 5"°C values relative to VPDB had a mean value
of -1.0%o with a standard deviation of +0.9%. (n= 18) and ranged between -2.6%. and
0.7%o (Table 4-3).

Measurements of the 8'°C values of carbonate in successive sublayers of the
stromatolitic knobs vary considerably (Figure 4-16), whereas the 5'%0 values of the
carbonate in the sublayers are relatively consistent (Figure 4-15). No clear pattern of
variations (e.g., 5"3C vs. wt.% aragonite and 5'%0 vs. wt.% aragonite) can be identified

between the lamina (Figures 4-17A and 4-17B).
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Figure 4-15 Depth profiles of 5'%0 values measured in sublayers of (A) pinnacle mound

(WS1), and (B) plateau-mushroom stromatolitic knobs (WN7) from Storr’s Lake.
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Figure 4-16 Depth profiles of 8'°C values measured in subIayersAof (A) pinnacle mound

(WS1), and (B) plateau-mushroom stromatolitic knobs (WN7) from Storr’s Lake.
Table 4-3 5"C and 5'°0 values of pinnacle mound (WS1) and plateau-mushroom (WN7)

stromatolitic sublayers from Storr’s Lake

VPDB, %o

Sample Y 50
Pinnacle mound

WS1-i 2.6 1.1
WS1-ii -14 1.2
WS1-iv 0.1 1.0
WSI1-1B -0.5 14
WSI1-1 -09 0.8
WS1-2 -0.8 1.2
WS1-3 -09 1.9
WS1-4 22 1.2
WS1-5 -14 1.3
WS1-6 2.5 1.3
WS1-7 -1.7 0.7
WS1-8 -09 09
WS1-9 -1.6 0.7
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Table 4-3—Continued

13C (%o0)

VPDB, %o
3 8
Sample s°c 50
Plateau-mushroom
WN7-1 -09 04
WN7-ii 04 1.2
WN7-1 04 1.3
WN7-3 -0.7 1.0
WN7-4 0.7 1.1
2 © pinnacle moun B 2.0 O pinnacle moun
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Figure 4-17 Cross plots of (A) 8'°C versus wt.% aragonite and (B) 5'°0 versus wt.%

aragonite. Two standard deviations for 8'°C and 8'°0 are both 0.2%. which were

expressed as error bars in (A) and (B).

Mg Isotopic Compositions and Mg Isotope Fractionation

All of the Mg isotope data show a mass dependent behavior, defining a line with

a gradient of 0.517 (Figure 4-18), within uncertainty of the equilibrium mass dependent

fractionation line with a slope of 0.521 (Young et al., 2002). The Mg isotopic compositions

of the selected lake water samples are spatially homogeneous (Table 4-4) with a mean

5°®Mg of -0.76 + 0.12%0 (20,,, n = 12) relative to DSM3, which is identical to the *°Mg

value of seawater (-0.83 + 0.09%o; Ling et al., 2011). The values range between -0.87%o

and -0.66%o. Two seawater samples were prepared and measured together with the lake

water samples. The 626Mg values of seawater from Dim Bay (San Salvador Island,



Bahamas) and from Galveston Bay (Texas, USA) are -0.86 + 0.04%o and -0.82 + 0.09%o,
respectively, which are in accordance with published seawater values (Ling et al., 2011).
The variation of measured 5°°Mg values in the sublayers of pinnacle mound and
plateau-mushroom type stromatolitic knobs falls within the range from -3.04%o to -2.33%e.
Lower 5°°Mg values are found in high-Mg calcite sublayers for both pinnacle mound and
plateau-mushroom (-3.02%o and -2.97%. in the pinnacle mound and plateau-mushroom,
respectively). The aragonitic sublayers from the same pinnacle mound have a mean
BZGMg value of -2.54%o, which is 0.04%. heavier than the average 626Mg value of
aragonitic sublayers (-2.58%o) from the plateau-mushroom. Values for A*°Mgcarponate-iake
water (5 626Mgca,bonate - 626Mg.ake water) OF @ragonitic layers range from -1.51%o to -2.00%. for
the sublayers of either the pinnacle mound or plateau-mushroom. In comparison, the
AZGMgcarbonate_|ake water Values for high-Mg calcite sublayers of the two stromatolitic knobs

range from -2.11%o t0 -2.24%o.
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Figure 4-18 Magnesium three-isotope plot of all natural samples and standards analyzed
in this study. The solid line represents the fractionation line with a slope of 0.517. Data
are from Table 4-4.

Table 4-4 Magnesium isotope (5°°Mg) measurements. Uncertainties are quoted as twice

the standard deviation (2 o) of “N” replicates (typically four).

Sample 625Mg +20 626Mg +20 A261\/Igcarb0nate-lake watera N
%0 DSM3 %0 DSM3 %0 DSM3

Storr's Lake water

ENI 55cm (M) -0.39+0.06  -0.74+0.13 4
EN2_52cm (M) -0.41£0.07  -0.78+0.12 4
WN3 102em (J)  -0.3840.05  -0.74+0.08 4
WN4_75cm (J) -0.35+0.08  -0.66+0.16 4
WN6 120cm (J)  -0.42+0.03  -0.79+0.06 4
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Table 4-4—Continued

Sample 625Mg +20 626Mg +20 A261\/Igcarbonate-lake watera N

%0 DSM3 %o DSM3 %0 DSM3
Storr's Lake water
WNS8 61lcm (M) -0.42+0.06 -0.82+0.13 4
SWN2 40cm (J) -0.38+0.08 -0.73+0.18 4
ES1 50cm (J) -0.35+0.03 -0.68+0.05 4
WSI1 5cm (J) -0.38+0.11 -0.73+0.17 4
WSI 111lcm (M) -0.42+0.07 -0.80+0.17 4
WS3 40cm (M) -0.45+0.12 -0.87+£0.22 4
SSS1_40cm (M) -0.44+0.07 -0.82+0.10 4
Dim Bay, San Salvador Island seawater
SSI_ SW (M) -0.44+0.03 -0.86+0.04 6
Galveston Bay, Texas seawater
GB_SW (M) -0.43+0.03 -0.82+0.09 6
Pinnacle mound, Storr's Lake
WS1-i (J) -1.57+£0.12 -3.04+0.21 -2.24 4
WS1-1 (M) -1.56+0.12 -2.99+0.30 -2.19 4
WS1-6 (J) -1.22+0.07 -2.35+0.13 -1.55 4
WS1-9 (M) -1.41+0.13 -2.73+0.20 -1.93 4
Plateau-mushroom, Storr's Lake
WN7-1 (J) -1.52+0.15 -2.93+0.28 -2.11 4
WN7-ii (M) -1.55+0.09 -3.00+0.13 -2.18 4
WN7-1 (M) -1.46+0.07 -2.82+0.12 -2.00 4
WN7-3 (J) -1.21£0.10 -2.33+0.14 -1.51 4
Standards
Cambridge 1 (M&J) -1.31+0.06 -2.54+0.10 27
FZT (M&J) -1.17+0.08 -2.26+£0.16 29
SRM3131a (M&J) -1.56+0.07 -3.02+0.12 25
NBS980 (J) -2.17+0.03 -4.22+0.07 5

% 5*°MGake water Values of WS1_111cm and WN8_61cm were chosen to calculate

26 .
A""M(carbonate-lake water fOr Sublayers of pinnacle mound and plateau-mushroom,
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respectively. The sampling locations of WN8 and WN7 were close (~50 meters apart), so
the WN8 water sample was used because no water samples were taken at location WN7.
“(M)” means the samples were analyzed in March 2017 with Aridus delsovating system.
“(J)” means the samples were analyzed in June 2017 with Apex delsovating system.
“(M&J)” means the standards were analyzed in both March 2017 and June 2017 with

Aridus and Apex delsovating system, respectively.
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Chapter 5
Discussion
Characterization of Water Properties in Storr's Lake

Hydrochemical Facies and Lake Water Source

The use of interpretive diagrams for understanding the nature and origin of
different water is well established. In this study, the Piper diagram (Piper, 1944; Figure 5-
1) and Durov diagram (Durov, 1948; Figure 5-2) are used to indicate the relationship
between different locations in the system and to extrapolate any mixing trends. According
to the Piper diagram (Figure 5-1), the major hydrochemical facies can be classified. The
water samples from the northern and southern sectors of Storr’s Lake overlap in the
diagram. Storr’s Lake water is characterized as alkali-rich (Na* + K*) water with prevailing
chloride, belonging to a sodium chloride type water. Only one northern lake water sample
(WN1 40cm) is observed to have more sulfate and less chloride compared to the other
lake water. Seawater generally overlaps with the lake waters (all but WN1 40cm) and
also belongs to sodium chloride type water. Conduit water plots on the left side of the
lake water and seawater in all the three diagrams. Although conduit water is still
classified as a sodium chloride type water, such water is characterized by increased
alkaline earths (Ca2+ + Mgz") and bicarbonate compared to lake water and seawater.
Gerace Research Center (GRC) well water plots away from lake water, seawater, and
conduit water. GRC well water displays weak acidic anions exceeding strong acidic
anions (CO32'+HC03'>CI'+SO42') and the prevailing of alkaline earths over alkali
elements. GRC well water belongs to magnesium bicarbonate type water. Therefore, the
water types in this study are divided into two categories: 1) conduit water, lake water, and

seawater (sodium chloride type); 2) GRC well water (magnesium bicarbonate type).
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Figure 5-1 Piper trilinear diagram classifying major hydrochemical facies of Storr’s Lake
water, conduit water, seawater, and Gerace Research Center well water collected in this
study in January 2016. Legend at right indicates where the samples were located. Red
squares represent northern lake water and blue diamonds represent southern lake water.
“TDS” represents “total dissolved solids”. Plot constructed using Geochemist’s
Workbench program.

From the Durov plot (Figure 5-2), certain relationships can be inferred. Similar
relationships are seen as that as observed in the Piper diagram (Figure 5-1). In the
central rectangular plot (representing total major ion concentrations), lake water and
seawater cluster at the lower left corner and conduit water plot upward and to the right of
the lake water and seawater. GRC well water, however, is plotted in the middle of the
plot. The three groups of water fall on a straight line, which can be interpreted as a mixing

trend (Lloyd and Heathcoat, 1985).
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Figure 5-2 Durov plot depicting hydrochemical processes of Storr’s Lake water, conduit
water, seawater, and Gerace Research Center (GRC) well water collected in this study in
January 2016. Red arrow indicates the mixing trend. Legend is at right. Red squares
represent northern lake water and blue diamonds represent southern lake water. “TDS”
represents “total dissolved solids” which is illustrated by the size of circles in this plot. Plot
constructed using Geochemist’s Workbench program.

The overlapping of lake water and seawater in both the Piper diagram and Durov plot
suggests that seawater is the primary source for Storr’s Lake water. This relationship is
consistent with the evolutionary history of the depositional basins of Storr’s Lake which
were open to the ocean approximately 4300 years ago and started to close off ~ 3100
years ago (Zabielski, 1991). Conduit water falls on the mixing trend between seawater
and GRC well water, but samples plot closer to seawater. GRC well water is regarded as
the end member representing groundwater. Therefore, conduit water might be the

product of mixing seawater and groundwater. The mixing trend is also observed in the
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lower pH plot, where the pH values of conduit water falls in between the pH values of
seawater and GRC well water. In the right total dissolved solid (TDS) plot to the right of
the rectangular plot, lake water samples have TDS values ranging from 32000 to 62000
mg/kg which are higher than seawater (< 30000 mg/kg). Conduit water and the GRC well
water have very small TDS values and the difference between the two types of water is
indistinguishable on this plot. Lake water with higher TDS values than seawater reflects
the hypersaline nature of the Storr’s Lake due to evaporation.Spatial Homogeneity

Water temperature decreases from the shallow to deeper water levels at most
sampling locations (Figure 4-1B). The surface layer (around 5 cm) of water is constantly
mixed by wind and waves and is warmed by the sun, which explains the water
temperature gradient in the water column. DO also decreases in the vertical water
column profiles as shown at four sampling locations (Figure 4-1A). The decreasing trend
of DO with water depth can be ascribed to several causes. The main mechanism
is atmospheric diffusion where oxygen in the air is absorbed by surface water due to a
difference in oxygen concentrations, while the lake water at deeper depths receives little
oxygen from atmospheric diffusion. Oxygenic photosynthesis by microbial communities
(e.g., cyanobacteria) releases oxygen into the water within the photic zone. However, the
limited light condition at deeper horizons caused by high turbidity is unfavorable for large
amounts of oxygenic photosynthesis and thus results in oxygen deficiency in deep water.
Because conduit water in this study has a DO value slightly lower than the lake waters,
conduit input at the surface has only a minimal impact on the oxygen content in the lake.
Therefore, the entire profile can be explained by atmospheric diffusion and oxygenic
photosynthesis in the surface water.

The thermal stratification observed in this study (in all three profiles except WS1)

is consistent with an earlier investigation of the lake water by Mann and Nelson (1989) in
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which they reported a minor and gradual stratification in the lake. The existence of
stratified layers in the lake suggests that complete and rapid vertical mixing is hindered.
Besides temperature, the lake water also appears to be stratified with
conductivity and pH. Conductivity of the shallower waters is generally higher than that of
the deep waters for all depth profiles but WS1 (Figure 4-1C). The pH values seem to
have the same variation trend for all depth profiles but WN4 (Figure 4-1D).
The profound evaporation effect of the surface water may explain the higher conductivity
of the shallow waters, while the higher pH values might be ascribed to active oxygenic
photosynthesis (consumes CO,) at the surface horizons. Major cation concentrations

(e.g., Mg®* and Ca*") show little variations with water depth (Figure 5-3).
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Figure 5-3 Variations of the (A) Mg2+ concentration and (B) Ca®* concentration with water
depth at sampling location of WS1 in Storr’s Lake. The three water samples were
collected at water depths of 5 cm, 50 cm, and 111 cm (just above the stromatolite head),
respectively.

According to the investigations of the surface water from the WN transect in the

North Sector of Storr's Lake, pH values and conductivity show an increasing trend from
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the western shore to the middle of the lake. Surface water temperatures and DO values
both display a similar increasing trend for the first four locations but drop at the fifth
location (close to Cactus Island). The general increasing trend observed for the water
parameters in the first four locations along the transect has also been reported in
previous studies (Paul et al., 2016), and can be explained by conduit water flowing into
the lake from the shore and gradually mixing with lake water. This mixing trend is not
observed in major cations concentrations in the lake (e.g., Mg®* and Ca®*; Figure 5-4;

Appendix B), which indicates that major cations are spatially homogeneous in the lake.
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Figure 5-4 Variations of the (A) Mg2+ concentration and (B) Ca®" concentration with the
distance from shore at WN transect (from western shore to Cactus Island) in Storr’s Lake.
The five data points are conduit-N, WN1_40cm, WN2_82cm, WN3_104cm, and
WN8_61cm. The last four lake waters were collected just above the stromatolite heads.

Seasonal Variations

Water chemistry data from Dupraz et al. (2013) and Paul et al. (2016) are
summarized in Table 5-1 and Figures 5-5 and 5-6 for comparison with the data in this
study to discuss potential seasonal variations of the lake water. Data for the northern lake
water samples collected in the summer (Paul et al., 2016) overlap with the northern lake

water samples collected in winter (this study) in both the Piper diagram and Durov plot,
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suggesting major ion concentrations in the northern sector show slight seasonal
variations. However, data from samples of the southern lake water collected in the
summer (Dupraz et al., 2013) are different from the southern lake waters collected in
winter in this study in both diagrams with prevailing alkaline earth metals and an
increased TDS value, which demonstrates that the strong evaporation in summer can
concentrate the southern lake water to a larger extent than in the Northern Sector. More
profound seasonal variations in the southern sector compared to that in the northern
sector is also observed in the saturation index of carbonate minerals (Figure 5-7; Table 4-
1; Appendix B). McNeese (1988) noted that the salinity in the lake ranged from 70 to 100
PSU during the months of December to May, which were significantly higher than the
salinity values of our study in January (ranging from 33 to 38 PSU). Previous studies
have reported that rainfall events can cause considerable dilution of the lake water and
result in lowered salinity (Pinckney et al., 1995). Hurricane Joaquin was reported to pass

over the San Salvador Island in October 2015, which could explain this result.
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Figure 5-5 Piper trilinear diagram of Storr’s Lake water, conduit water, seawater, and
Gerace Research Center (GRC) well water collected in this study in January 2016 and in
previous studies. “*” represents data from Paul et al. (2016) collected in June 2012/2013

and “**” represents data from Dupraz et al. (2013) collected in June 2001 and July

2008/2010. "ND” represents not determined.
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Figure 5-6 Durov plot of Storr’s Lake water, conduit water, seawater, and Gerace
Research Center (GRC) well water collected in this study in January 2016 and in
previous studies. “*” represents data from Paul et al. (2016) collected in June 2012/2013
and “*” represents data from Dupraz et al. (2013) collected in June 2001 and July

2008/2010. "ND” represents not determined.
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Figure 5-7 Saturation index of calcite and aragonite for Storr’s Lake water, conduit water,
seawater, and Gerace Research Center (GRC) well water collected in this study in
January 2016 and in previous studies. “*” represents data from Paul et al. (2016)
collected in June 2012/2013 and “**” represents data from Dupraz et al. (2013) collected
in June 2001 and July 2008/2010. "ND” represents not determined. Saturation Index

values were calculated in Geochemist’'s Workbench program.
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Table 5-1 Water chemistry parameters of Storr's Lake water and seawater from Dupraz et al. (2013) and Paul et al. (2016).

Sample Temperature pH Conductivity Salinity  Turbidity DO’ Alkalinity Ca hardness
°C mS/cm PSU NTU mg/l.  mg/L as CaCO; mg/L as CaCO;
North P* 27.0 8.36 61.47 41.05 117.0 4.97 135 1239
South D° 38.5 8.19 88.08 58.75 n/a" n/a 658 n/a
Seawater P* 28.0 8.26 53.90 36.00 5.0 4.70 113 1060
Seawater D 28.0 8.26 52.47 35.00 n/a n/a 116 n/a

Table 5-1 (continue)

Sample Mg hardness Ca® Mg** Na* K" Sr¥* HCOy Cr
mg/L as CaCO; mmol/L mmol/L mmol/L mmol/L. mmol/L mmol/L mmol/L
North P* 6647 13.56 74.19 622.8 13.49 n/a 2.71 634.3
South D° n/a 17.48 275.17 1181.4 n/a n/a 13.16 1216.0
Seawater P* 5840 9.63 58.40 513.8 10.67 n/a 2.26 535.9

Seawater D n/a 10.38 53.28 467.7 n/a n/a 2.31 545.7




8.

Table 5-1—Continued

Sample SO” Mg/Ca Sr/Ca Sealcite Saragonite
mmol/L mole/mole mole/mole
North P* 31.4 5.14 n/a 0.96 0.80
South D° 60.5 15.74 n/a 1.50 1.33
Seawater P° 28.1 6.06 n/a 0.72 0.56
Seawater D 28.1 5.13 n/a 0.78 0.61

® Data is from Paul et al. (2016). The water samples were collected in June 2012 and 2013. The anions chloride and sulfate were

analyzed only for the 2012 samples.

® Data is from Dupraz et al. (2013). The water samples were collected in spring (March 2000, 2002, and 2006) and summer (June

2001, July 2008, 2010).

°Data is from Paul et al. (2016). The seawater was collected in June 2012.

4 Data is from Dupraz et al. (2013). No time information for the seawater collection.

°“DO’” represents “dissolved oxygen”.

Tenra represents “not applicable”.



Mg Isotopic Compositions of Lake Water

Spatial homogeneity: The lake water samples that were analyzed for Mg isotope
composition have covered the northern (EN1, EN2, WN4, WN6, WN3, WN8), the middle
(SWN2), and the southern sectors of the Storr’s Lake (ES1, WS1_5cm, WS1_111cm,
WS3, SS1). In addition, these samples covered both the peripheral and the center zones
of the Storr’s Lake (Figure 2-1). More carbonates (both lake sediments and microbialites)
are proposed to precipitate from the lake water with higher Slcaicite @nd Slaragonite Values.
As a result, the lake water with a higher saturation state might have higher 626Mg values
(carbonates preferentially uptake 24Mg from aqueous solution). Because the water of
Storr’'s Lake displays various saturation states at different locations, it is possible to form
Mg isotope heterogeneity within the lake. However, the data showed that the 626Mg
values of the lake water samples are relatively constant (between -0.66%o and -0.87%o)
within the analytical error (Figure 5-8; Table 4-4). This minor variability indicates that the
Storr’'s Lake is spatially homogeneous with respect to Mg isotope composition, although
the lake water from different locations has various saturation states (Figures 5-10C and
5-10D) and Mg concentrations (Figure 5-10A). If the surface and bottom water of the
Storr’'s Lake are not well mixed with regard to Mg isotopes, the bottom water could be
enriched in 26Mg compared to the surface water due to carbonate precipitation close to
the lake bottom. To test this hypothesis, two lake water samples at the same location but
from different water depths (WS1_5cm and WS1_111cm) were analyzed for their Mg
isotope composition. The results showed that the two lake water samples have identical
BZGMg values within error (-0.73+0.17%o for WS1_5cm and -0.80+0.17%o for

WS1_111cm), suggesting there is likely no Mg isotope stratification in the Storr’s Lake.
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Figure 5-8 Comparison of the 5°°Mg values of Storr’s Lake water and stromatolitic
sublayers with the published Mg isotope data from different geological reservoirs. 626Mg

values of igneous rocks are from Tipper et al. (2006a, 2008); Teng et al. (2007, 2010),

Wiechert

Dauphas et al. (2010), Jacobson et al. (2010), Li et al. (2010) and Liu et al. (2010); 5*°Mg
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and Halliday (2007), Brenot et al. (2008), Chakrabarti and Jacobsen (2010),
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values of seawater are from de Villiers et al. (2005), Tipper et al. (2006, 2008, 2010),
Hippler et al. (2009), Teng et al. (2010) and Ling et al., (2011); 626Mg values of river
water are from de Villiers et al. (2005), Tipper et al. (2006, 2006b), Brenot et al. (2008),
Pogge von Strandmann et al. (2008a, b) and Wimpenny et al (2011); 626Mg values of
limestone (Mg-calcite) are from Galy et al. (2002), de Villiers et al. (2005), Tipper et al.
(2006), Buhl et al. (2007), Brenot et al. (2008), Hippler et al. (2009) and Immenhauser et
al. (2010); 626Mg values of dolomite are from Galy et al. (2002), Chang et al. (2003),
Brenot et al. (2008), and Jacobson et al. (2010). Adapted from Li et al. (2012).
Correlation with water parameters: The 626Mg values of lake waters show no
correlation with water temperature (Figure 5-9A), pH (Figure 5-9B), dissolved oxygen
(Figure 5-9C), total alkalinity (Figure 5-9D), and Mg/Ca molar ratio (Figure 5-10B),
indicating the Mg isotope composition of lake water is independent of the variations of

physical and chemical parameters of the lake water.
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Figure 5-9 Cross plots of (A) 8°Mg versus water temperature, (B) 5°°Mg versus pH, (C)
5°®Mg versus dissolved oxygen, and (D) 5°®Mg versus total alkalinity. Lake water
samples (collected in January 2016) from the northern sector, southern sector, and south
southern sector are black circles, grey circles, and unfilled circles, respectively. The
horizontal line and yellow bar represent the average 626Mg of seawater (-0.83+0.09%;

Ling et al., 2011).

82



A 02 o B 02
South
-0.4 1 os-south -0.4
E 06 ) { E 06
) ] on
> -0.8 d } ¢ % > -0.8 i\
% L % L
-1.0 -1.0
'1-2 T T '12 Ll Ll Ll L
50 55 60 65 2.5 3.0 3.5 4.0 4.5 5.0
Mg?* (mM/L) Mg/Ca (mol/mol)
C -0.2 D .02
-0.4 -0.4
E 06 { T E 06 { T
) on
2ol 1407 $rt 4 #.l WT $ri,
o 1 25 J_ ® S L - J_ e
P P
-1.0 -1.0
-1.2 T T -1.2 T T T
0.8 0.9 1.0 1.1 0.6 0.7 0.8 0.9 1.0
SIcalcite SIaragonitc

Figure 5-10 Cross plots of (A) 5*®Mg versus Mg concentration, (B) 5°°Mg versus Mg/Ca
molar ratio, (C) 5°°Mg versus Sleacite, and (D) 5°°Mg versus Slaragonite- Lake water samples
(collected in January 2016) from the northern sector, southern sector, and south southern
sector are black circles, grey circles, and unfilled circles, respectively. The horizontal line
and yellow bar represent the average 626Mg of seawater (-0.831£0.09%o; Ling et al., 2011).

Mg isotope budget of Storr’s Lake: The identical BZGMg values of lake water and
seawater suggest that seawater is the primary Mg influx to the Storr’s Lake and
dominates the Mg isotope composition of the lake. In theory, ground water also brings in
a fraction of Mg to the lake and therefore contributes to the Mg isotope budget of the
lake. Although the Mg isotope composition of the ground water (GRC well) that enters the
Storr's Lake was not analyzed in this study, it is reasonable to assume the ground water
has a 626Mg value of -1.69%o which is the 626Mg value of ground water in karstic

environment from Galy et al. 2002). However, a variable 626Mg signature is not
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resolvable in the BZGMg ratios of the lake water. This anomaly can be explained by the
low Mg concentration in ground water and minor input flux from ground water compared
to seawater input, which is consistent with the conclusion derived from the cations and
anions data.

The formation of microbialite and the precipitation of carbonates in lake
sediments are two primary modes of Mg removal from the water of Storr's Lake. Based
on the mean 626Mg ratios of the analyzed microbialite sublayers, it is assumed that the
microbialite has an averaged Mg isotope composition of -2.78%.. Because the lake
sediment is dominated by aragonite, the 5°°Mg value of the bottom lake sediment is
assumed to be -2.56%o (the mean 5°°Mg ratio of aragonitic sublayers from the two
stromatolitic knobs). Either the formation of microbialites or the precipitation of
carbonates in lake sediments will render the lake water enriched in 26Mg. However, no
obvious distinction is observed in the 5°°Mg values of lake water and that of seawater.
Based on the mineralogy study in this research, high-Mg calcite only dominates the outer
crust of the stromatolitic knobs with the interior zone enriched in aragonite (contains little
Mg). In addition, the lake sediment is primarily composed of aragonite. As a result, the
Mg flux out of the lake via carbonate precipitation is probably minor compared to the
whole mass of Mg in the lake, which explains the absence of an increase in 626Mg value
of lake water. The Mg isotope budget of Storr's Lake with a steady-state lake water

composition is schematically summarized in Figure 5-11.
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Figure 5-11 Schematic of the Storr’'s Lake Mg isotope budget with a steady-state lake
water composition. The primary Mg flux into Storr’s Lake (Fgy) results from seawater,
with 826Mg value of —0.83%o0, whereas minor input flux comes from ground water with an
estimated 826Mg value of —1.69% (from Galy et al. 2002). The primary fluxes of Mg out
of Storr’s Lake are through microbialite precipitation (Fyg) with Mg isotopic composition of
—2.78%0 and carbonate deposition in lake bottom sediment (Fg) with Mg isotopic
composition of ca. —2.56%o, based on 5°°Mg values of stromatolitic knob sublayers in

this study.
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Morphology and Mineralogy of Stromatolites from Storr's Lake

Morphology of Microbialites

Although this study only targeted two types of stromatolitic knobs (pinnacle
mound and plateau-mushroom), microbialites with other external morphologies were
identified and collected during the field trip. They include calcareous knobs, cauliflower-
top mushroom, and multi-cuspate, as termed by Paul et al. (2016). Calcareous knobs and
multi-cuspate morphological types were found to develop at a shallow water depth,
whereas the two mushroom morphological types (plateau-mushroom and cauliflower-top
mushroom) were found at deeper depths of 70-100 cm. Pinnacle mound types normally
appear at the locations with the deepest water depth (~100-110 cm). The overall
microbialite morphology is generally considered to be primarily controlled by
environmental factors, though microorganisms play the role of actual accretion and fabric
development (Dupraz et al., 2006). One of the major controls of morphological type is the
water depth of Storr’s Lake, and in turn the availability of light for the microorganisms,
especially phototrophs. The bulging nature toward the top of the stromatolitic knobs
indicates that the area closest to the surface is the most productive region, where
maximum light is accessible and water depth is conducive (Paul et al., 2016).
Mineralogy of Stromatolitic Knobs

Distribution of carbonate minerals: Both high-Mg calcite and aragonite were
identified in the pinnacle mound and plateau-mushroom samples, which is consistent with
the study of Paul et al. (2016). We observed that the mol % Mg in the carbonate minerals
of the pinnacle mound (WS1) and plateau-mushroom (WN7) type stromatolitic knobs
initially decreased from the top to middle positions (WS1-i to WS1-2; WN7-i to WN7-1)
and then was relatively constant (increased or decreased in a small range), moving from

the middle toward the bottom of the stromatolitic knob (WS1-3 to WS1-9; WN7-3 to WN7-
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4). The high-Mg calcite weight percentage correlated positively with the mol % Mg of the
pinnacle mound and the plateau-mushroom types (Figure 4-14B). Generally, both the two
stromatolitic knobs displayed a distribution pattern of high-Mg calcite enriched in the
surficial crusts and aragonite dominated in the inner laminated zones. Previous studies of
Storr’'s Lake stromatolitic knobs have reported only the presence of Mg-calcite and no
aragonite (Hattin, 1983; Pentecost, 1989; Neumann et al., 1989; Fowler, 2011; Dupraz et
al., 2013) except Paul et al (2016) as noted. Based on the observation result in this study,
one possible explanation is that those studies only took the surface samples for
mineralogy analysis.

The aragonite weight percentage showed a strong inverse correlation with Mg/Ca
molar ratio but displayed a positive correlation with Sr/Ca molar ratio, which further
confirmed the presence of aragonite (Figures 4-12 and 4-13). The large radius of sr*
(1.18 A) is more readily accepted into the aragonite structure, whereas the smaller Mg2+
ion (0.72 A) gets preferentially incorporated as a replacement for ca® (1.00 A) in calcite
(Krauskopf and Bird, 1994). Calcite can accept a higher proportion of Mg in its crystal
structure relative to aragonite, especially when the calcite is precipitated in biologically
mediated reactions (Weiner and Dove, 2003). Therefore, aragonite is expected to have
more Sr and less Mg than calcite does, which supports the results obtained in this study.
Factors that Control Mineralogy

Wind-blown detritus from the East Beach (located northeast of Storr’'s Lake)
could be carried across the entire lake during the intense storm activity, and incorporated
into the stromatolite structure (Paul et al., 2016). The incorporation of the carbonate-
forming organisms was confirmed by the observation of ostracod and micropeloid in thin
sections (Figure 4-9) and also by previous studies (Neaumaan et al. 1989 for gastropods;

Park, 2012 for ostracodes; Fowler, 2011 for foraminifera). In all of the studies, including
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this research, the detrital grains were only found to consist of a very small portion of the
microbialite structure and were far from enough to explain the dominant source of
aragonite in the laminated zones.

Saturation state: The saturation state of the carbonate minerals in water has
been shown to be an essential component in determining stromatolitic knob development
(Dupraz and Visscher, 2005). The Sl values for current Storr's Lake water samples as
determined in this research and previous studies (Figure 5-5 and Table 5-1; Dupraz et
al., 2013; Paul et al., 2016) indicate that the lake water is supersaturated with respect to
both calcite and aragonite. Saturation index can only explain the coexistence of high-Mg
calcite and aragonite. However, the factors that control the spatial distribution of the two
minerals observed within the stromatolitic knobs in this study still remain unknown.

In the stromatolitic knobs of this study, aragonite-enriched interiors were
surrounded by Mg-calcite-rich exterior/surface zones. Because the interiors of the
stromatolitic knobs represent older stromatolite growth, high-Mg calcite rather than
aragonite seems logically regarded as the autochthonous mineral. No obvious
recrystallization signature was observed on the high-Mg calcite of the surficial crusts
(Figures 4-10A and 4-11), which potentially rules out the possibility of high-Mg calcite
resulting from diagenetic transformation of aragonite.

Temperature: Several other factors such as temperature, the presence of metal
ions, and organic matter are well known to have a strong influence on which polymorph is
obtained (Han et al., 2006; Jin et al., 2011). Aragonite has been reported to be
preferentially precipitated at higher temperatures (> 40 °C; Pentecost 2005). The daytime
water temperature of the northern part of Storr’s Lake in this study (winter) and in Paul et
al. (2016) (summer) clustered around 24°C to 28 °C (Tables 4-1 and 5-1). Dupraz et al.

(2013) observed a much higher daytime water temperature (averaged 38.5 °C; Table 5-1)
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for southern part of Storr's Lake in summer. Because none of the recorded water
temperature exceeded 40 °C, temperature cannot be the driving factor to form aragonite.

Mg/Ca molar ratio of solution: It is widely reported that a sufficiently high
concentration of Mg2+ ions poisons the growth of calcite through preferential adsorption of
the Mg*" ions to the active growth sites of calcite (Folk, 1974; Berner, 1975) and impedes
any further growth and therefore increases the solubility of Mg-calcite compared to pure
calcite (Nielsen et al., 2013). The solubility of calcite with a magnesium content greater
than 4 mol% is reported to steadily increase with increasing Mg content (Mackenzie et
al., 1983), and magnesium calcite with a magnesium content larger than 12 mol% is said
to have a higher solubility than aragonite (Andersson et al., 2008). The stromatolitic
sublayers in this study are found to have a magnesium content larger than 12 mol%
when high-Mg calcite content exceeds 90 wt.% (Table 4-2). As a result, the high-Mg
calcite of the sublayers is expected to have a higher solubility than aragonite. However,
partially dehydrated magnesium ions cannot be incorporated into the denser structure of
aragonite (compared to calcite) and thus aragonite growth cannot be inhibited by high Mg
concentrations (Berner, 1975; Loste et al., 2003). According to experimental studies,
aragonite can form at room temperature in the presence of a high concentration of Mg
(typically above ~10 mmoIL'1) (Arp et al., 2001; Pentecost, 2005). The averaged Mg2+
concentration of the Storr’s Lake water is 61 mmolL™" , which favors the formation of
aragonite. Therefore, high-Mg calcite appears to be a metastable phase compared to
aragonite (more stable) in Storr’s Lake water.

The initial Mg/Ca molar ratio of solutions plays a vital role in controlling the
mineralogy of the carbonates as evidenced by low temperature precipitation experiments.
In solutions with a Mg/Ca molar ratio less than 2, calcite was the dominant mineral and its

abundance increased with saturation states (Choudens-Sanchez and Gonzalez, 2009).
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However, in a solution with an initial Mg/Ca molar ratio larger than 2, only aragonite was
found to precipitate (Wang et al., 2012). The two experiments were both conducted under
the condition that the initial solutions were supersaturated to both high-Mg calcite and
aragonite. Storr's Lake water samples collected in this research have a relatively
constant Mg/Ca molar ratio of 4.5 (Table 4-1). Therefore, it is reasonable to hypothesize
that Storr's Lake water favors the precipitation of aragonite rather than high-Mg calcite
under the condition without microbial metabolism influence. This hypothesis is consistent
with previous finding that the bottom, calcified, ground substrate of the lake, where the
stromatolitic knobs develop, is aragonitic in composition (Paul et al., 2016).

Microbial mat and organic matrix: The microbial mat and its integral part
extracelluar organic matter (EOM) matrix provide nucleation sites, which is essential for
the precipitation of carbonate in microbialite (Dupraz and Visscher, 2005). The EOM
matrix possesses negatively charged functional groups capable of binding Ca®* or Mg2+
ions, and thus provides location for carbonate minerals to nucleate and grow (Dupraz et
al., 2009). The metabolic degradation of EOM (normally anaerobic respiration) releases
the bound cations. EOM degradation can also increase the alkalinity (e.g., through SRB
metabolism; Visscher et al., 2000; Dupraz and Visscher, 2005). This simultaneous
increase in the calcium (and/or magnesium) concentration and the alkalinity results in
carbonate precipitation and is important in the formation of open-marine stromatolites
(Reid et al., 2000; Visscher et al., 2000) and hypersaline microbialites (Jonkers et al.,
2003; Dupraz et al., 2004; Vasconcelos et al., 2006).

In addition to liberating Ca®" and HCO3 during microbial alteration, EOM itself
can influence chemical gradients that affect the mineral phase. The EOM matrix can
reduce the mobility of hydrated Mg®* (8 A diameter) relative to hydrated Ca** (6 A

diameter). The delay of Mg diffusion would lead to an initial Ca-enrichment, decreasing
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the Mg:Ca molar ratio of the microenvironment inside of the EOM (Verrecchia et al.,
1995). As a result, changes in the amount or type of EOM could influence the rate of
precipitation or types of crystals formed, as was observed in an increase in magnesium
content in sequential lithified layers of mats in Lagoa Vermelha, Brazil (Vasconcelos et
al., 2006).

Different types of microbial metabolism activities occurring within microbial mat
may also play a role in influencing the carbonate mineralogy. Sulfate ions occur in the
solution as a magnesium-sulfate (Mg>*-S0O4*) ion pair and thus decrease the availability
of magnesium ions (Vasconcelos and McKenzie, 1997; Warthmann et al., 2000). Gene
analysis (16S rRNA) by Paul et al. (2016) found that purple sulfur bacteria
(Gammaproteobacteria) and green non-sulfur bacteria (Chloroflexi) dominant in the
microbial mat near the surface, whereas SRB was found to become abundant at the
deeper levels (see detailed description of the microbial community distribution in the next
subsection). This vertically organized sequence was consistent with previous studies
(Nicholson et al., 1987; Overmann and van Gemerden, 2000). Both anoxygenic
photosynthesis of green non-sulfur bacteria and sulfide oxidation of purple sulfur bacteria
produce sulfate ions that promotes the association of the Mg**-S0O,* ion pair within the
microbial mat. As a result, it is highly possible that the Mg/Ca molar ratio of the
microenvironment drops below 2 (from 4.5) and favors the precipitation of high-Mg calcite
over aragonite which explains the observed dominance of high-Mg calcite in the surficial
crusts. At deeper depth, with the increase of sulfate reducing activity, sulfate ions are
consumed and thus dissociate the Mg**-SQO,” ion pair, which increases the Mg/Ca molar
ratio within the microbial mat. When the Mg/Ca molar ratio of the microenvironment
increases to over two via this mechanism, aragonite becomes the initial precipitated

mineral. This mechanism (Greer et al., 2015) is able to explain the aragonite-rich core
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zones of the two studied stromatolitic knobs. Therefore, the microbial mat and EPS

matrix indirectly affect the carbonate mineral phase through altering the availability of

Mg2+ ions and thus the Mg/Ca molar ratio within the microenvironment.
Organomineralization and Laminae Formation

Microbial Community Distribution

Cultivation-independent microbial diversity analyses were conducted on the five
different types of microbial mats form Storr’s Lake (calcareous knob, plateau-mushroom,
pinnacle mound, cauliflower-top mushroom shaped, and cheesecake) by Paul et al.
(2016). The study found that only 24% of the recovered communities were shared among
all five types of microbial mats, suggesting those microbial mats displayed high diversity.
The plateau-mushroom microbial mat was most similar to the shallow-water calcareous
knob in terms of microbial population, whereas the deep-water pinnacle mound clustered
closely with the cauliflower-top microbial mat (Figure 2-5).

Paul et al. (2016) found that the microbial composition of the five types of mats
fell into 12 major bacterial phyla and 2 unclassified bacterial groups with the plateau-
mushroom having the entire 14 categories and pinnacle mound having only 10
categories. The unclassified microbial communities consist of a relatively main portion of
the entire microbial population for the two microbial mats (20-23% for pinnacle mound
and 32-35% for plateau-mushroom; percent denotes relative abundance of the total
microbial population). Chloroflexi, which belongs to green non-sulfur bacteria, was found
to comprise nearly half of the whole bacterial population of the pinnacle mound, whereas
plateau-mushroom had around 16-20% of Chloroflexi (Figure 2-5). Another main bacteria
community was the class Deltaproteobacteria (including several types of SRB). The
plateau-mushroom type had 10-12% Deltaproteobacteria, whereas 5% of

Deltaproteobacteria was found to occur in the pinnacle mound type. Members of purple
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sulfur bacteria belonging to the class Gammaproteobacteria were detected in minor
proportions of the whole bacterial population for both plateau-mushroom and deep-water
pinnacle mound types. In all the five mat types, cyanobacteria were generally low in
abundance ranging between <1.0% to 3.0% (highest levels were observed in shallow-
water calcareous knobs). Less than 1.0% and ~0.01% of cyanobacteria were detected in
plateau-mushroom and pinnacle mound types, respectively. The almost absence of
cyanobacteria might be ascribed to high concentration of HS™ ions which were found to
be poisonous to cyanobacteria but did not affect Chloroflexi (Giovannoni et al., 1987).

In general, for plateau-mushroom and pinnacle mound microbial mats,
filamentous Chloroflexi and purple sulfur bacteria act as the photosynthetic members
under the anoxygenic environments (Imhoff, 2006), whereas heterotrophic SRBs
consume organic matter by anaerobic respiration. As mentioned in the previous
discussion section, the microbial communities formed a vertically organized structure,
where Chloroflexi and purple sulfur bacteria grouped at the surface of plateau-mushroom
and pinnacle mound stromatolitic knobs whereas SRB dominated in the core laminated
zones of the two types of stromatolitic knobs (Dupraz et al., 2009; Paul et al., 2016).
Organomineralization Processes

The complex interactions between microbial mats and the surrounding
environments dominate the production of organo-carbonates. The microbial metabolism
occurring within the microbial mats may alter the conditions of the microenvironment
(e.g., change pH values and/or influence the availability of ions) and thus indirectly affect
the mineral products including mineral composition and crystallography (Dupraz et al.,
2009). The controls that metabolic activity has on carbonate organomineralization can be
summarized as two closely coupled mechanisms following Dupraz et al. (2009): 1)

alkalinity engine and 2) production and degradation of EOM matrix that can affect the
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mineral nucleation. Alkalinity engine Carbonate precipitation is dominated by carbonate
alkalinity and the availability of free cations (Ca** and Mg**). The relationship can be
expressed by the saturation index, which is expressed as:

Sl = log (IAP/Ksp) (5-1)

Where IAP represents the ion activity product ([Ca>*]x[COs”]) and K, denotes

the solubility product of the corresponding mineral (Stumm and Morgan, 1996). The
solubility products for calcite and aragonite are 10™*% and 107%"°, respectively, under the
condition of 25 °C, 1 bar atmospheric pressure and 35 PSU salinity (Zeebe and Wolf-
Gladrow, 2001). When IAP> K, the solution is supersaturated. Experimental studies
showed that CaCOg precipitated spontaneously when S1>0.8 (Kempe and Kazmierczak,
1994), while the experiments by Arp et al. (2001) found that initial 10-fold calcite
supersaturation is necessary for any cyanobacterial biofilm calcification. The [CO32']
depends on the chemical equilibrium of the following reactions:

H,CO3 <> HCO3™ < CO3* (5-2)
which has a pK, of 5.9 and 8.9, respectively, under the condition of 25°C, 1 bar
atmospheric pressure and 35 PSU salinity (Zeebe and Wolf-Gladrow, 2001). Carbon
dioxide (CO,) dissolution in water leads to the formation of H,CO3. Carbonate alkalinity
([HCO3']+2[CO32']) is approximately equal to the total alkalinity ([HC03']+[C032'], also
known as dissolved inorganic carbon) in most natural water considering the low
concentration of CO5°~ ions. Assuming enough [Ca®]is available, an increase in
alkalinity (normally also an increase in pH) will consequently result in higher S| which
favors carbonate precipitation.

Organomineralization Processes of Stromatolitic Knobs: Anoxygenic phototrophs

(Chloroflexi and purple sulfur bacteria) within the microbial mat of the pinnacle mound
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and plateau-mushroom types use sulfide as the electron donor to fix CO, in organic
matter. The microbial reaction is simplified as:

HS™ + 2CO, + 2H,0 --> 2CH,0 + SO,*” + H* (5-3)
where the produced proton consumes either HCO5 or CO5” and thus decreases the
alkalinity, inhibiting carbonate precipitation. The generated organic matter appears as
extracellular organic matter (EOM) that is comprised of EPS and its hydrolysis product,
low-molecular-weight organic compounds (LMWOC). The filamentous Chloroflexi and
coccoid purple sulfur bacteria are embedded in the EPS matrix. The acidic functional
groups of the EPS bind ca” or Mg2+ ions from the surrounding domain and then the
EPS-Ca (or Mg) group combines LMWOC to form a bidentate complex (EPS-Ca (Mg)-
LMWOC; Braissant et al., 2009), which renders cations unavailable for carbonate
precipitation (Figures 5-12A and 5-12B). However, the sequestration of cations by EPS

matrix creates the condition for carbonate mineral nucleation (Dupraz et al., 2009).
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Figure 5-12 Conceptual model of EOM-influenced carbonate mineral nucleation through
interactions between EPS and LMWOC. (A) Inhibition phase: EOM (comprised of EPS
and LMWOQC) inhibits precipitation by binding Ca”" to the acidic functional groups of the
EPS. The EPS-Ca group can then form a bidentate complex with LMWOC (EPS-Ca-
LMWOC; Braissant et al., 2009) rendering calcium unavailable for precipitation; (B)
Heterotrophic degradation phase: LMWOC is removed from the EPS-Ca-LMWOC
complex through heterotrophic microbial degradation; (C) nucleation phase: The EPS-Ca
complex that remains is available for carbonate nucleation, which forms a new bidentate

complex (EPS-Ca-CO3;). Adapted from Dupraz et al. (2013).
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Within the same microbial mat, anaerobic heterotrophs (mainly SRBs) become
abundant and active at a deeper horizon and utilize LMWOC (SRBs are unable to directly
use EPS) to reduce sulfate ions (Dupraz et al., 2013). The metabolic reaction is denoted
as:

2C,H503 + 3S04> --> 3HS™ + 6BHCO; + H* (5-4)
where the addition of one H” ion is offset by six HCO5 ions, therefore, the net production
of five HCOj; ions increases alkalinity that favors carbonate precipitation (Dupraz et al.,
2013). In addition, the heterotrophic microbial degradation removes LMWOC portion from
the EPS-Ca (Mg)-LMWOC complex. Then the remaining EPS-Ca (Mg) complex becomes
available for carbonate nucleation through forming a new bidentate complex (EPS-Ca
(Mg)-COg; Figure 5-12C). The progression of EPS hydrolysis and the subsequent
heterotrophic degradation of LMWOC support gradual replacement of EPS alveolar
structure with carbonate, which is supported by the previous SEM analysis (Dupraz et al.,
2004).

As mentioned previously, the mobility of hydrated Ca®* and Mg2+ ions within
microbial mat is different, with smaller hydrated Ca’"ions moving faster. Although the
anaerobic respiration of SRBs consumes sulfate ions and dissociates the Mg®*"'SO4* ion
pair, the delay of hydrated Mg2+ ions diffusion would still result in EOM matrix binding
more Ca”* ions (Dupraz and Visscher, 2005). The initial Ca-enrichment decreases the
Mg/Ca molar ratio of the bound cations on the EOM matrix. Considering the original lake
water has an average Mg/Ca molar ratio of 4.5, the decreased Mg/Ca molar ratio (might
drop from 4.5 to below 2) is favorable for high-Mg calcite precipitation rather than low-Mg
calcite precipitation (requiring Mg/Ca molar ratio lower than 0.25; Morse et al., 1997). The
pivotal role of sulfate reducing activities in promoting initial high-Mg calcite formation has

been demonstrated in both natural biogenic carbonates (Dupraz et al., 2004; Braissant et
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al., 2007; Gallagher et al., 2012) and laboratory culture experiments (Van Lith et al.,
2003).

The progressive precipitation of high-Mg calcite gradually replaces EOM matrix
(EOM amount decreases) and increases the Mg/Ca molar ratio within the microbial mat
by reducing the concentration of hydrated Ca”" ions. As a result, more hydrated M92+
ions are bound on the residue EOM matrix and Mg/Ca molar ratio of the bound cations
on EOM matrix increases. The incorporation of Mg2+ ions into the calcite lattice poisons
the early stage high-Mg calcite crystallites and prevents their further growth. When the
Mg/Ca molar ratio of the microbial mat reaches two or higher, the microenvironment
promotes the phase transformation from metastable high-Mg calcite to aragonite. The
phase transformation is dominated by the dissolution of high-Mg calcite followed by the
crystallization of aragonite. It is proposed that the nucleation of aragonite nanocrystallites
occurs beneath the surface of the high-Mg calcite rhombohedral particles. The
monocrystalline-like aragonite rods with a higher density than high-Mg calcite gradually
grow larger at the expense of the rhombohedral high-Mg calcite nanocrystallites. Finally,
when all the high-Mg calcite nanocrystallites are completely consumed, sheaf-like
clusters of pure aragonite rods result. The phase transformation processes are
summarized by six major steps as shown in Figure 5-13. The proposed transformation
model is consistent with a study on active-forming hot spring travertines (Greer et al.,
2015), which observed mineralogy transformation from high-Mg calcite crust to aragonitic

core just like the mineralogy distribution of stromatolitic knobs in this research.
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Figure 5-13 Schematic drawing of the proposed formation mechanism of the stromatolitic
knobs and the phase transformation from high-Mg calcite to aragonite. From Greer et al.
(2015)

Laminae Formation of Stromatolitic Knobs

The slightly positive 3'°C signature of the initial precipitate can be explained by a
'3C enrichment of the DIC in the vicinity of active anoxygenic phototrophs that
preferentially take up the light '2c isotope during photosynthesis (e.g., Merz-Preifl3, 1992;
Dupraz et al., 2013). As the structure grows with a new layer at the surface, the
precipitate is moved downward, but the organomineralization processes associated with

this precipitate does not stop. The continuing alteration of the EOM matrix by
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heterotrophic activity at deeper horizons in the stromatolitic knob may further skew the C
isotopic values toward more negative, explaining the C isotopic signature in this study
(Figures 4-15 and 4-16). The &'°0 values of stromatolite sublayers in this study cluster
around 1%, which is the same as the 5'°0 values of stromatolite heads in Paull et al.
(1992), but slightly heavier than the oxygen isotopic compositions of stromatolite laminae
(around 0%o) in Dupraz et al. (2013). In our study, we did not analyze the oxygen isotopic
compositions of lake water, however, Paull et al. (1992) reported the 5'%0 values of lake
water samples from the northern, central, and southern parts of the Storr’'s Lake were
3.2, 3.0, and 2.8%o, respectively. Using the temperature equation of Craig (1965), Paull et
al. (1992) further estimated the temperature at which the stromatolite carbonate
precipitated was 25.1 °C (assuming equilibrium precipitation), which was consistent with
the average temperature of lake water in our study (25.9 °C). Therefore, it is reasonable
to assume that the oxygen isotopic compositions of stromatolitic sublayers in this study
are in equilibrium with the lake water.

Besides the effects of microbial activities, mineralogy also plays a role in
affecting carbon and oxygen isotopes in carbonates. Isotopes of carbon and oxygen were
found to fractionate differently in calcite and aragonite due to differences in the internal
vibrational frequencies of the polymorphs’ carbonate ions (Rubinson and Clayton, 1969;
Tarutani et al., 1969). For CaCOjs precipitated at 25 °C from artificial seawater, 5'°0 and
5"°C are enriched in the aragonite polymorph by 0.6%. and 1.8%o, respectively, relative to
the calcite polymorph. 51%0 is also enriched in high-Mg calcite (12.8 mol% Mg) by 1.1%o
relative to pure calcite, indicating a 0.09%o. enrichment in 5'%0 per mol% Mg (Rubinson
and Clayton, 1969).

In Dupraz et al. (2013), carbon isotope compositions of the well-developed and

subfossil knobs were compared with that of the deeper layers of the young, active knobs.
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The similar 8'°C signatures of the subfossil knobs and young knobs suggested that early
diagenetic processes can rapidly alter the 5'°C biosignature of the initial precipitation and
important geochemical information is likely lost deeper in the structure while the
stromatolite is still actively accreting. The pinnacle mound and plateau-mushroom
stromatolitic knobs in this study belong to “well-developed and subfossil knobs” (Paul et
al., 2016), therefore, the primary 5'°C signature may have been modified due to early
diagenesis.

The research of well-developed stromatolitic knobs in this study (pinnacle mound
and plateau-mushroom) are combined with the finding of young, active knobs (similar to
calcareous knobs in Paul et al. 2016) in Dupraz et al. (2013) to discuss the lamination
formation processes for the microbialites in Storr’s Lake. The young, metabolically active
knobs are quintessential examples of emerging morphologies that are dominated by
microbial processes. The fine lamination of active knobs (composed of micritic layers)
can be well modeled by using diffusion-limited aggregation (DLA) combined with cellular
automata (CA) (Dupraz et al., 2006). The modeling results indicate an increase in
irregularly spaced layering forms with time after an initial stable phase of regular
lamination. The chaotic behavior might be ascribed to an increase in water turbidity
and/or depth. With increasing water depth or turbidity, the accommodation space
increases, and the control of light on the orientation of filamentous microbial communities
weakens, both of which result in regular lamination disappearing. Therefore, the main
microbial pathway in the upper layer of the mat is shifting from a net phototrophic to a net
heterotrophic system, and the dominant mesostructured changes from laminated to
clotted. This change in structure type could explain the formation of pinnacle mound and
plateau-mushroom growth as seen in this study (bulbous crust at the top with delicate

laminae in the bottom). Also, the association of large voids with the bulbous crust can be
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explained by microbialite undergoing random and episodic growth with increasing
accommodation space at deeper water depth.
Mg Isotopic Compositions of Stromatolitic Sublayers

Mineralogy Control on Mg Isotopic Values

The Mg isotopic compositions of stromatolitic sublayers (626Mg values ranging
from -3.04%o to -2.33%o) fall within the range of previously reported 626Mg values for
carbonates (Figure 5-8). The 5°°Mg values of high-Mg calcite (HMC) sublayers are
generally lighter than that of aragonitic sublayers, which is consistent with the relationship
between 5*°Mg measured in biogenic high-Mg calcite and biogenic aragonite (Figure 5-

14).
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Figure 5-14 Histogram of 626Mg values in biogenic low magnesium calcite (blue), high
magnesium calcite (red) and aragonite (orange), compared with those for seawater
(green) and mid-ocean ridge basalts (MORB, black). The biogenic carbonate data in this
plot are from Saenger and Wang (2013). Seawater data are from Foster et al. (2010) and
MORB data are from Teng et al. (2010). All values are expressed relative to DSM. Figure
from Saenger and Wang (2014).

The sublayers from the pinnacle mound and plateau-mushroom types with
similar mineralogical compositions have identical 626Mg values, which indicates that the

morphological type of the two stromatolitc knobs in this study does not affect the Mg

isotopic compositions of their sublayers. The 626Mg values of stromatolitic sublayers
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show a decreasing trend with Mg/Ca molar ratios (Figure 5-15A) and an increasing trend
with Sr/Ca molar ratios (Figure 5-15B) and weight percentage of aragonite (Figure 5-
15C), which indicates a mineralogical control on the Mg isotopic compositions of
stromatolitic sublayers by mixing of different proportions of isotopically light high-Mg
calcite (low Sr concentration) with isotopically heavy aragonite (high Sr concentration).
However, no correlation was observed between the 5°°Mg values of stromatolitic

sublayers and their carbon isotopic compositions (Figure 5-15D).
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Figure 5-15 Cross plots of (A) 5*®Mg versus Mg/Ca molar ratio, (B) 5°°Mg versus Sr/Ca
molar ratio, (C) 626Mg versus wt.% aragonite from XRD, and (D) 626Mg versus 8'°C. Blue
dots represent sublayers (WS1-i, WS1-1, WS1-6, and WS1-9) from pinnacle mound and

pink dots represent sublayers (WN7-i, WN7-ii, WN7-1, and WN7-3) from plateau-

mushroom
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In order to test mineralogy control, a two end-member (pure high-Mg calcite and
pure aragonite) mixing model was applied to discuss the controls on Mg isotopic
compositions of stromatolitic sublayers. First, the wt.% Mg of hypothetical pure high-Mg
calcite and pure aragonite was calculated, which was based on the results of
mineralogical composition and elemental analysis of stromatolitic sublayers (Table 4-2).
In this study, two sublayers were chosen from a pinnacle mound type which were WS1-1
(high-Mg calcite rich) and WS1-9 (aragonite rich) and two linear equations were
constructed with the wt.% Mg and mineralogical composition of the two sublayers. The
results suggest that the wt.% Mg for pure high-Mg calcite and pure aragonite are 3.3%
and 0.1%, respectively, which were consistent with published values (Finch and Allison,
2008). Secondly, the *°Mg values of the two end members were determined. For pure
high-Mg calcite end member, WS1-i was chosen (having the most negative 626Mg value
and the highest wt.% high-Mg calcite). Because the high-Mg calcite was calculated to
contribute 99.77% of the whole Mg content of WS1-i, it was reasonable to assume the
BZGMg value of the WS1-i (-3.04%o.) can roughly represent the 626Mg value of pure high-
Mg calcite. However, it was not correct to choose a 626Mg value of WS1-6 (having wt.%
aragonite of 96%) as the 626Mg end member for pure aragonite, because aragonite was
calculated to contribute only 42.11% of total Mg of this sample. Therefore, a 626Mg value
of -1.70%o, which was the most reported value for natural biogenic aragonite (Saenger
and Wang, 2014), was regarded as the 626Mg end member of pure aragonite. As a result,
a mixing trend was calculated and illustrated in Figure 5-16. It seemed that the mixing
trend fitted most data except one aragonitic sublayer of plateau-mushroom which had a
heavier 5°°Mg value than the mixing model suggested. Consequently, it is reasonable to

assume the end member high-Mg calcite and aragonite mixed in the stromatolitic
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(pinnacle mound and plateau-mushroom) sublayers have 626Mg values of -3.04%o and -

1.70%o, respectively.
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Figure 5-16 Cross plot of 626Mg versus wt.% aragonite from XRD. Blue dots represent
sublayers (WS1-i, WS1-1, WS1-6, and WS1-9) from pinnacle mound and pink dots
represent sublayers (WN7-i, WN7-ii, WN7-1, and WN7-3) from plateau-mushroom. The
dotted line represents the mixing trend from the two end members. Orange pentagram
represents pure high-Mg calcite end member with wt.% Mg of 3.3% and 626Mg value of -
3.04%o0, whereas the green pentagram represents pure aragonite end member with wt.%
Mg of 0.1% and 626Mg value of -1.70%o. The 626Mg value of pure aragonite is from
Saenger and Wang (2013).

Mg Isotope Fractionation During Organomineralization

The A”®Mgcarbonateiake water Values of sublayers from pinnacle mound and plateau-
mushroom range from -2.24%, to -1.55%0 and from -2.11%o. to -1.51%., respectively

(Figure 5-17). In the following section, A*°Mgarsonate-iake water Values of two end members
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(hypothetical pure high-Mg calcite and pure aragonite) were compared with the
fractionation values derived from biogenic carbonates and inorganic precipitation

experiments, and their implications were discussed.
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Figure 5-17 Comparison of A?Mgcarsonate-iake water Of Stromatolitic sublayers in this study

with AZMgcar-so Values of various high-Mg calcite (red), low-Mg calcite (blue) and
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aragonite (orange) in comparison with abiogenic experiments. Blue dots represent
pinnacle mound sublayers and pink dots represent plateau-mushroom sublayers in this
study. Abiogenic and biogenic data are from Saenger and Wang (2013). Also shown are
the typical ranges for calcite speleothems and dolostone from Galy et al. (2002);
abiogenic calcite samples in Immenhause et al. (2010), Li et al. (2012), Saulnier et al.
(2012), and Mavromatis et al. (2013); and oceanic basalt in Teng et al. (2010). Modified
from Saenger and Wang (2014).

For a pure high-Mg calcite end member, the 626Mg value of WS1_111cm (lake
water collected from the surrounding of stromatolitic knob with a temperature of 24.8°C)
was applied to calculate A°Mgcaronate-iake water- TNE AZ°Mghmc-iake water Value was -2.24%o,
which was 0.26%o heavier than the A”°Mgcar.so (-2.50%0 at 24.8°C) derived from abiogenic
calcite precipitation experiments (Li et al., 2012). However, the AZGMgHMC_.ake water Value in
this study falls within the range of reported AZGMgcarb_sm for biogenic high-Mg calcites
(Figure 5-18). Just like biogenic high-Mg calcites, the offset between the AZGMgHMC_|ake water
in this study from the abiogenic calcite in Li et al. (2012) can be interpreted as a biological
vital isotopic effect. There appear to be two principle causes for biological Mg isotope

effects.
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Figure 5-18 Comparison of AZSMgHMC_.ake water Of pure high-Mg calcite end member in this
study (orange dot) with biogenic high-Mg calcite AZGMgcarb_so. and with abiogenic

experiments of Li et al. (2012). Modified from Saenger and Wang (2014).

The Mg concentration and the AZGMgHMC_.ake water Value may be affected by
biomolecules at the site of precipitation. Wombacher et al. (2011) observed weaker Mg
isotope fractionation in deep sea corals, coralline red algae and echinoid spines than in
abiotic experimental calcite, which was ascribed to the mechanism of species specific
biomolecules binding cations. Wombacher et al. (2011) argued that these organisms
precipitate HMC by altering its local aqueous Mg/Ca ratio using biomolecules that lower
the desolvation energy barrier for hydrated Mg2+ ions. It was further suggested that
lowering the desolvation energy barrier reduces the Mg isotope fractionation. This
hypothesis is also applicable to explain the Mg isotope fractionation behavior during the

organomineralization of HMC in this study. The EOM matrix may lower the desolvation
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energy barrier for Mg and thus render the smaller Mg isotope fractionation between the
bound Mg in EOM matrix and the hydrated Mg2+ ions of the local aqueous environment.
The finding by Stephenson et al. (2008) that reported higher Mg contents in calcite if
peptides were present and hypothesized that peptides lower the desolvation energy
barrier of Mg supports this hypothesis, because peptides are typical components that
form EOM matrix (Dupraz et al., 2009). An additional possibility is that the precipitation of
HMC via an amorphous calcium carbonate (ACC) transient precursor may exhibit smaller
Mg isotope fractionations due to enhanced incorporation of hydrated or unfractionated
Mg. Saenger and Wang (2013) observed the A”®Mgcar.sol Values of biogenic high-Mg
calcite follow the order: benthic foraminifera (except Pyrgo sp.) and sclerosponges <
deep sea corals < coralline algae < echinoids. This order generally matched the order of
the proportion of hydrated Mg in HMC organisms derived from nuclear magnetic
resonance imaging (Nebel and Epple, 2008). As a result, ACC precursor might be
associated with the observed smaller Mg isotope fractionation of HMC compared to
abiogenic calcite precipitation.

For a pure aragonite end member, the 5*°Mg value of WS1_111cm was still
chosen as 8°°Mgiake water to calculate A°Mggarsonate-iake water, Which was reasonable under
the condition that WN7 water sample was missing and no difference in 626Mg.a.ke water Was
seen in this study between the north and the south sectors of the lake. The calculated
AZGMgaragomte_.ake water Value is -0.90%o, which appeared to be within error of the value
measured in abiogenic aragonites precipitated near the same temperature (Figure 5-19;
Wang et al., 2013). Hippler et al. (2009) reported some shallow water corals (e.g., Porites
sp.) had the identical AZGMgcarb_sm values with the fractionation values from abiogenic
aragonite precipitation experiments, which suggested that skeletogenesis in these

organisms was relatively unaffected by vital effects. Therefore, the AZGMgaragonite_mke water
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signature observed in this study may also indicate the absence of biological Mg isotope

effects, which is consistent with the previously proposed organomineralization process of

aragonite. Aragonite precipitates under the condition that EOM matrix has been degraded

by SRB to an extent that increases the Mg/Ca ratio of the local aqueous

microenvironment that favors aragonite precipitation. With the EOM matrix amount

dramatically decreasing, the effect of the lowering of the desolvation energy barrier for

Mg isotopes becomes negligible. As a result, the aragonites in stromatolitic sublayers

were proposed to result from abiogenic aragonite precipitation. Furthermore, active

removal of Mg from the site of carbonate precipitation during the phase transformation

from high-Mg calcite to aragonite seemed to have no effect on Mg isotope fractionation.
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According to Higgins and Schrag (2012), recrystallization (diagenesis) would
increase Mg isotope fractionation between carbonates and solutions. Because neither of
AZGMgHMC_|ake water and A26Mgaragonn9_.ake water Was larger than the fractionation values derived
from the abiogenic carbonate precipitation experiments at the same temperature, the
possibility of diagenesis affecting Mg isotope fractionation was excluded, which was
evidenced by the prevailing micritic structure through microscopic observation.

Comparison of Stromatolites in Different Environments

Comparisons can be made between the Storr’s Lake stromatolites and the
modern stromatolites from other environments to gain insight into the environmental and
microbial controls on stromatolite formation (structure and organomineralization
processes). The basic characteristics of stromatolites from each environment (Bahamian
stromatolites in Storrs Lake, Highbourne Cay, Eleuthera, as well as the Sarine River in

Switzerland) were summarized in Figure 5-20 from Fowler (2011).
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Comparison of Stromatolites in Storr’s Lake and Other Hypersaline Environments

The salinity of Storr’s Lake (~37 PSU in winter and ~40-60 PSU in summer;
Dupraz et al., 2013; Paul et al., 2016; this study) is lower than that of other lakes/ponds
from the Bahamas, including Salt Pan (83-134 PSU) and Big Pond (132-209 PSU) on
Eleuthera Island, Bahamas (Dupraz et al., 2004; Glunk et al., 2011). Though differences
exists in salinity, the hypersaline nature of these three environments render them highly
comparable to Storr’s Lake. Oxygen isotopic values indicate that all of these lakes have
evaporative signature, and lake water is supersaturated with respect to carbonate
minerals (Dupraz et al., 2004; Glunk et al., 2011; Dupraz et al., 2013; Paul et al., 2016;
this study). High-Mg calcite was found to precipitate within well-developed microbial mats
in all of these environments. Only Storr's Lake was reported to have aragonite (this study;
Paul et al., 2016; this study). The microbial mats of these environment share relatively
equivalent functional microbial communities (cyanobacteria, chloroflexi, and sulfate-
reducers) (Dupraz et al., 2004; Glunk et al., 2011; Paul et al., 2016).

The carbonate precipitation pattern in Storr’s Lake is consistent with that in all
other three hypersaline environments. Salt Pan and Big Pond both display a
microstructure comprised of micritic micropeloidal structures surrounded by microsparite
(Dupraz et al., 2004, Glunk et al., 2011), as seen in areas where EOM is degraded and
replaced by high-Mg calcite for Storr’s Lake stromatolitic knobs. None of these
environments was found to precipitate carbonate within cyanobacterial sheaths (Dupraz
et al., 2013), and heterotrophic degradation of EOM by SRB seems to be a major
mechanism for carbonate precipitation in all of these environments (Dupraz et al., 2004;
Glunk et al., 2011). Carbon isotope compositions show that the metabolism responsible
for carbonate precipitation differs slightly among the lakes/ponds (Figure 5-21; Glunk et

al., 2011; Dupraz et al., 2013; this study). Heterotrophic degradation of EOM by SRB
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seems to be most dominant in Big Pond, as evidenced by the most negative 5"°C ratios
of stromatolites (-7.2 to -1.9%o), and slightly dominant in Storr’s Lake (6130 ratios of -2.6
to 1.6%o; Figure 5-21). The observed slightly positive 5'°C values in Storr’s Lake may
indicate that photosynthesis plays a more important role in carbonate precipitation in
Storr’s lake. Though the involvement of different types of metabolisms varies, it is
proposed that both EOM degradation by SRBs and photosynthesis by cyanobacteria or
anoxygenic phototrophs are active in each of these environments (Dupraz et al., 2004;

Glunk et al., 2011; Dupraz et al., 2013; Paul et al., 2016; this study).
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Figure 5-21 Carbon and oxygen isotopic compositions of stromatolitic sublayers from
pinnacle mound and plateau-mushroom samples in Storr’s Lake (this study), carbonate
laminae from Storr's Lake Scyfonema knobs and water (Dupraz et al., 2013), Big Pond

stromatolites (Eleuthera Island, Bahamas; data from Glunk et al. 2011), sediment
collected on Eleuthera Island (Bahamas; Dupraz et al., 2013), and precipitated micritic
crust and ooids from open marine stromatolites (Highbourne Cay, Bahamas; data from

Andres et al. 2006). Adapted from Dupraz et al. (2013).
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The mesostructure of the mcirobialites from these hypersaline environments
displays some differences. The stromatolites from Salt Pan are characterized by non-
lamianted, leiolitic carbonate crust (Dupraz et al., 2004), unlike the laminated
mesostructure seen in Storr’s Lake and Big Pond (Glunk et al., 2011; Dupraz et al.,
2013). The lamination in Big Pond is explained by periodic episodes of precipitation and
non-precipitation (Glunk et al., 2011), which is different from the proposed mechanism of
sequential lithification of microbial mats for Storr's Lake.

Comparison of Stromatolites in Storr’s Lake and Open Marine Environments

Stromatolites from Highbourne Cay, Exuma Islands, Bahamas are regarded as
representatives of modern open marine stromatolites. Although Highbourne Cay shares
the same functional microbial communities (cyanbacteria and SRB) with hypersaline
environments including Storr’'s Lake, Salt Pan, and Big Pond (Reid et al., 2000; Dupraz et
al., 2004; Glunk et al., 2011; Dupraz et al., 2013; Paul et al., 2016), the stromatolite
formation processes are different. During periods of high wave-energy, stromatolite
formation is primarily achieved by trapping and binding of coarse-grained sediments by
filamentous cyanobacteria, and in situ micrite precipitation is ascribed to the controls of
photosynthesis and, more dominantly, heterotrophic metabolisms during periods of low
wave-energy (Reid et al., 2000). In addition, carbonate precipitation within bored grains in
the Highbourne Cay stromatolites is attributed to EOM degradation by SRBs, which is
similar to the dominant mechanism of precipitation in hypersaline lakes. However, the
lamination in Highbourne Cay stromatolites is ascribed to varied sedimentation rates
(Reid et al., 2000), which is different from the proposed lamination mechanism in Storr's
Lake.

Comparison of Stromatolites in Storr’s Lake and Freshwater Environments
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Stromatolites from Sarine River in Fribourg, Switzerland are regarded as
representatives of modern freshwater stromatolites. The microbial communities in
freshwater environment are different from those in hypersaline lakes and open marine
environments. Cyanobacteria completely dominate the community functional groups in
microbial mats from the Sarine River in Fribourg, Switzerland (Dupraz et al., 2009) and
sulfur cycle plays a minor role under freshwater condition. It might be attributed to much
lower amounts of organic matter to feed heterotrophic metabolisms in freshwater
ecosystems (Dupraz et al., 2009). Cation binding by EOM matrix within microbial mats is
much less in freshwater environments without a large amount of organic matter. As a
result, an increase in carbonate alkalinity derived by photosynthesis leads to carbonate
precipitation without impediment from EOM matrix binding cations, and without the
heterotrophs degrading EOM matrix to release cations.

Therefore, the mechanism of organomineralization in freshwater environment is
quite different from hypersaline lakes and open marine environments. In the freshwater
scenario, carbonate precipitate within the cyanobacterial sheaths (Dupraz et al., 2009)
rather than in the EOM matrix as seen in hypersaline lakes and open marine
environments. Because photosynthesis is dominant in freshwater environment, the
formation of laminae closely relates to alternating cyanobacterial filament orientations
(Monty, 1976; Freytet and Plet, 1996; Freytet and Verrecchia, 1998; Dupraz et al., 2009);
which is also seen in the young, active knobs of Storr’s Lake (Dupraz et al., 2013).
Summary

The similarities and differences of the stromatolites from different environments
indicate that environmental conditions and microbial metabolisms have profound effects
on morphology, structure, and organomineralization processes. Environmental conditions

influence the dominant metabolism that affect carbonate precipitation and the subsequent
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macro- and mesostructure of the stromatolites. At Storr’s Lake, water depth is a primary
factor to control the macro- and mesostructure of stromatolites. Sedimentation rates may
also have impact on the stromatolite morphology. These conclusions derived from

comparisons may have implications for the formation of ancient stromatolites.
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Chapter 6
Conclusions

This study builds upon analysis and interpretation of the hydrochemistry, the
mineralogy of two types of stromatolitic mounds (pinnacle mound and plateau-
mushroom), and the Mg isotope composition of lake water and stromatolitic sublayers.
One of the main findings is the identification of seawater as the primary source (including
Mg) for Storr's Lake water. Seawater also dominates the Mg isotope budget of the lake.
Secondly, elemental analysis and Mg isotope studies suggest that major ions and Mg
isotopes are spatially homogenous in Storr’s Lake. Cations and anions show little
seasonal variation in the north sector, whereas a significant increase in major ions
concentrations was observed for the south sector waters collected in summer. Thirdly,
the detailed study of the mineralogy of the stromatolitic sublayers reveals that the surficial
crusts of both two stromatolites are enriched in high-Mg calcite and the weight
percentage of aragonite increases inward. The proposed mineral phase transformation
from high-Mg calcite to aragonite can be explained by an increase in Mg/Ca molar ratio
within the stromatolitic knobs during the organomineralization process.

Furthermore, Mg isotopic investigation indicates that the 626Mg values of high-Mg
calcitic sublayers are generally lighter than that of aragonitic sublayers. The Mg isotopic
compositions of stromatolitic sublayers fall within the range of values previously reported
for biogenic high-Mg calcite and aragonite and display strong dependence on mineral
compositions. The AZGMgcarbonate_.ake water Value of pure high-Mg calcite end member is more
positive than the AZGMgcarbonate_So.ution values of abiogenic calcite precipitation experiments,
suggesting the vital effect on Mg isotope fractionation during the organomineralization of
high-Mg calcite. However, the A”®Mgcarbonate-iake water Value of pure aragonite end member is

identical to the A26Mgca,bonate_so|uﬁon values of abiogenic aragonite precipitation
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experiments, which indicates the absence of biological effect on Mg isotope fractionation
during the organomineralization of aragonite.

The microstructure of the two stromatolitic mounds is primarily composed of
micrite, as revealed by microscopy characterization. The in situ micrite precipitation is
ascribed to the organomineralization processes mediated by both anoxygenic
photosynthesis by Chloroflexi and heterotrophic degradation of EOM matrix by SRB.
Through comparison, it is concluded that cyanobacteria act as the primary functional
community to produce organic matter in other environments, which is different from the
dominant Chloroflexi in Storr’s Lake. Stromatolites in other environments can form
lamination either through periodic precipitation and non-precipitation (hypersaline Big
Pond) or via alternating cyanobacterial filament orientations (freshwater), whereas
laminae formation in Storr’'s Lake occurs due to the sequential lithification of microbial
mats. The mechanism for oraganomineralizaiton and laminae formation proposed in this
study could provide additional useful clues for linking modern stromatolites to fossil

counterparts.
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Appendix A
Table of In Situ Water Chemistry Parameters Measured or Calculated for Storr’s Lake
Water, Conduit Water, Well Water, and Seawater from Dim Bay (San Salvador Island,

Bahamas) Collected in January 2016
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Sample Easting Northing Distance Water depth  Total depthto  Temperature pH

€cl

from shore microbial head
m m m cm cm °C

Storr's Lake, north sector

EN1, 5 cm 556855 2661653 1640 5 55 26.8 8.49
EN1, 55 cm 556855 2661653 1640 55 55 26.3 8.47
EN2, 5 cm 556740 2662083 1860 5 52 27.5 8.27
EN2, 52 cm 556740 2662083 1860 52 52 27.1 8.30
WNI1, 5 cm, Jan 8 555672 2660727 129 5 44 25.3 8.22
WNI1, 20 cm, Jan 8 555672 2660727 129 20 44 24.9 8.23
WNI1, 40 cm, Jan 8 555672 2660727 129 40 44 24.6 8.17
WNI1, 5cm, Jan 11 555672 2660727 129 5 40 26.1 8.46
WNI1, 5 cm, Jan 11 (field dup) 555672 2660727 129 5 40 26.0 8.46
WNI, 5 cm, Jan 11 (field trip) 555672 2660727 129 5 40 26.1 8.45
WNI1, 20 cm, Jan 11 555672 2660727 129 20 40 26.1 8.45
WNI, 20 cm, Jan 11 (field dup) 555672 2660727 129 20 40 26.0 8.46
WNI1, 20 cm, Jan 11 (field trip) 555672 2660727 129 20 40 26.0 8.46
WNI1, 40 cm, Jan 11 555672 2660727 129 40 40 26.0 8.45
WNI1, 40 cm, Jan 11 (field dup) 555672 2660727 129 40 40 26.0 8.45
WNI1, 40 cm, Jan 11 (field trip) 555672 2660727 129 40 40 26.0 8.46
WN2, 5 cm, Jan 8 555710 2660741 168 5 82 26.2 8.27

WN2, 40 ¢cm, Jan 8 555710 2660741 168 40 82 24.6 8.23
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Sample Easting Northing Distance Water depth  Total depthto  Temperature pH
from shore microbial head
m m m cm cm °C

Storr's Lake, north sector

WN2, 82 cm, Jan 8 555710 2660741 168 82 82 24.6 8.21
WN2, 5 cm, Jan 11 555710 2660741 168 5 88 259 8.51
WN2, 40 cm, Jan 11 (dup) 555710 2660741 168 40 88 259 8.47
WN2, 40 cm, Jan 11 (trip) 555710 2660741 168 40 88 259 8.48
WN2, 82 cm, Jan 11 555710 2660741 168 88 88 25.8 8.48
WN2, 82 cm, Jan 11 (dup) 555710 2660741 168 88 88 25.8 8.48
WN2, 82 cm, Jan 11 (trip) 555710 2660741 168 88 88 25.8 8.48
WN3, 5 cm, Jan 8 555778 2660760 238 5 102 26.6 8.46
WN3, 20 cm, Jan 8 555778 2660760 238 20 102 26.1 n/a
WN3, 40 cm, Jan 8 555778 2660760 238 40 102 25.1 8.41
WN3, 60 cm, Jan 8 555778 2660760 238 60 102 24.4 n/a
WN3, 80 cm, Jan 8 555778 2660760 238 80 102 24.2 8.41
WN3, 102 cm, Jan 8 555778 2660760 238 102 102 24.5 8.37
WN3, 116 cm, Jan 8 555778 2660760 238 116 102 24.7 n/a
WN3, 5 cm, Jan 11 555778 2660760 238 5 104 26.2 8.50
WN3, 40 cm, Jan 11 555778 2660760 238 40 104 26.2 8.48
WN3, 40 cm, Jan 11 555778 2660760 238 80 104 26.1 8.48
WN3, 104 cm, Jan 11 555778 2660760 238 104 104 26.0 8.48




Sample Easting Northing Distance Water depth  Total depthto  Temperature pH

Gcl

from shore microbial head
m m m cm cm °C

Storr's Lake, north sector

WN3, 124 cm, Jan 11 555778 2660760 238 124 104 26.0 n/a
WN4, 5 cm 556371 2662324 1860 5 75 26.7 8.33
WN4, 30 cm 556371 2662324 1860 30 75 26.6 n/a
WN4, 50 cm 556371 2662324 1860 50 75 25.9 n/a
WN4, 75 cm 556371 2662324 1860 75 75 24.7 8.34
WN4, 116 cm 556371 2662324 1860 116 75 24.2 n/a
WNG6, 120 cm 556080 2661822 n/a 120 ~120 27.1 8.48
WNS, 5 cm 555903 2660788 347 5 61 26.4 8.48
SWNI, 5 cm 555976 2659816 85 5 60 27.1 8.42
SWNI1, 30 cm 555976 2659816 85 30 60 27.1 n/a
SWNI, 54 cm 555976 2659816 85 54 60 25.3 8.31
SWNI1, 87 cm 555976 2659816 85 87 60 25.4 n/a
SWN2, 5 cm 555942 2659789 n/a 5 40 26.1 n/a
SWN2, 20 cm 555942 2659789 n/a 20 40 26.0 n/a
SWN2, 40 cm 555942 2659789 n/a 40 40 26.0 8.48
near SWNI1, 5 cm 555975 2659817 n/a 5 60 259 n/a
near SWN1, 30 cm 555975 2659817 n/a 30 60 25.9 n/a

near SWNI1, 60 cm 555975 2659817 n/a 60 60 25.8 8.49




Sample Easting Northing Distance Water depth  Total depthto  Temperature pH

ocl

from shore microbial head
m m m cm cm °C

Storr's Lake, south sector

ES1, 10 cm 556348 2658225 62.8 10 50 26.3 8.36
ES1, 50 cm 556348 2658225 62.8 50 50 26.3 8.36
WS1, 5 cm 556098 2658256 n/a 5 111 25.5 8.41
WS1, 50 cm 556098 2658256 n/a 50 111 25.3 8.44
WS1, 111 cm 556098 2658256 n/a 111 111 24.8 8.32
WSI1, 125 cm 556098 2658256 n/a 125 111 24.8 n/a
WSI1, sediment 556098 2658256 n/a muck 111 25.0 n/a
WS2, 5 cm 556078 2658255 265 5 46 26.3 8.40
WS2, 20 cm 556078 2658255 265 20 46 26.3 8.40
WS2, 46 cm 556078 2658255 265 46 46 26.2 8.40
WS3, 5 cm 556069 2658253 n/a 5 40 26.6 8.49
WS3, 20 cm 556069 2658253 n/a 20 40 26.5 n/a
SSS1, 10 cm 555817 2657041 5 10 n/a 27.7 8.30
SSS1, 20 cm 555817 2657041 5 20 n/a 27.5 8.29
SSS1, 40 cm 555817 2657041 5 40 n/a 27.1 8.25

Conduit into Storr's Lake,
north sector

conduit - N, Jan 8 555563 2660659 n/a 5 n/a 22.2 7.80




Lcl

Sample Easting Northing Distance Water depth  Total depthto  Temperature pH
from shore microbial head

m m m cm cm °oC
Conduit into Storr's Lake,
north sector
conduit - N, Jan 11 555563 2660659 n/a 5 n/a 27.8 8.03
conduit - N, Jan 11 555563 2660659 n/a 5 n/a 27.8 8.03
conduit - S, Jan 8 555563 2660659 n/a 5 n/a 21.9 7.85
conduit - S, Jan 11 555563 2660659 n/a 5 n/a 26.9 8.16
Gerace Research Center well n/a n/a n/a surface bucket n/a 26.2 7.54
Seawater, Dim Bay 555911 2656751 n/a n/a n/a 26.1 8.26
Salt Pond
North Salt Pond 555840 2656715 east shore 10 45 28.0 8.37
South Salt Pond 555729 2656398 1 40 n/a 26.2 8.38
Six Pack Marsh 552606 2660335 n/a 10 n/a 26.1 7.60
Triangle Pond 548911 2665965 n/a 3 n/a n/a 8.72




Continued

Sample Conductivity Salinity DO
mS/cm PSU mg/L
Storr's Lake, north sector
ENI, 5 cm 58.3 37.44 8.26
ENI, 55 cm 56.8 36.76 6.23
EN2, 5 cm 59.5 37.70 8.15
EN2, 52 cm 59.3 3791 7.26
WNI1, 5 cm, Jan 8 54.4 35.76 5.36
WNI, 20 c¢m, Jan 8 54.1 35.83 4.14
WNI1, 40 cm, Jan 8 53.8 35.86 4.69
WNI, 5 cm, Jan 11 56.5 36.63 7.34
WNI1, 5 cm, Jan 11 (field dup) 56.4 36.67 7.30
WNI, 5 cm, Jan 11 (field trip) 56.4 36.62 7.66
WNI1, 20 cm, Jan 11 56.4 36.61 7.08
WNI1, 20 cm, Jan 11 (field dup) 56.4 36.64 6.94
WNI1, 20 cm, Jan 11 (field trip) 56.4 36.66 7.28
WNI1, 40 cm, Jan 11 56.4 36.66 6.30
WNI1, 40 cm, Jan 11 (field dup) 56.4 36.65 5.84
WNI1, 40 cm, Jan 11 (field trip) 56.4 36.65 6.15
WN2, 5 cm, Jan 8 55.7 36.01 5.70
WN2, 40 cm, Jan 8 53.9 3592 5.32
WN2, 82 cm, Jan 8 54.4 36.31 2.84
WN2,5cm, Jan 11 56.4 36.77 8.20
WN2, 40 cm, Jan 11 (dup) 56.4 36.77 7.66
WN2, 40 cm, Jan 11 (trip) 56.4 36.78 7.49
WN2, 82 cm, Jan 11 56.3 36.79 5.34
WN2, 82 c¢m, Jan 11 (dup) 56.3 36.78 6.08
WN2, 82 c¢m, Jan 11 (trip) 56.4 36.81 5.85
WN3, 5 cm, Jan 8 55.7 35.69 7.98
WN3, 20 cm, Jan 8 55.1 35.67 7.25
WN3, 40 cm, Jan 8 54.2 35.76 6.62
WN3, 60 cm, Jan 8 53.7 35.93 6.00
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Sample Conductivity Salinity DO
mS/cm PSU mg/L
Storr's Lake, north sector
WN3, 80 cm, Jan 8 53.7 36.13 5.32
WN3, 102 cm, Jan 8 54.1 36.20 3.31
WN3, 116 cm, Jan 8 54.7 36.43 2.70
WN3, 5 cm, Jan 11 56.8 36.77 8.24
WN3, 40 cm, Jan 11 56.7 36.76 7.48
WN3, 40 cm, Jan 11 56.7 36.80 6.73
WN3, 104 cm, Jan 11 56.6 36.85 5.07
WN3, 124 cm, Jan 11 56.7 36.89 2.38
WN4, 5 cm 57.7 37.05 9.20
WN4, 30 cm 57.7 37.10 8.94
WN4, 50 cm 57.5 37.55 8.70
WN4, 75 cm 56.3 37.68 7.00
WN4, 116 cm 55.7 37.64 6.03
WN6, 120 cm 58.7 37.42 5.40
WNS, 5 cm 56.8 36.62 7.60
SWNI, 5 cm 58.0 36.96 7.31
SWNI1, 30 cm 57.9 36.85 6.78
SWNI, 54 cm 56.5 37.34 3.16
SWNI1, 87 cm 54.9 36.01 1.53
SWN2, 5 cm 56.3 36.53 7.01
SWN2, 20 cm 56.2 36.55 6.72
SWN2, 40 cm 56.3 36.58 5.96
near SWNI1, 5 cm 56.2 36.59 7.20
near SWN1, 30 cm 56.1 36.56 6.43
near SWN1, 60 cm 56.1 36.62 5.45
Storr's Lake, south sector
WS1, 5 cm 55.9 36.73 6.36
WS1, 50 cm 55.8 36.79 4.24
WS1, 111 cm 56.1 37.44 0.80
WSI1, 125 cm 56.2 37.51 0.50
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Sample Conductivity Salinity DO
mS/cm PSU mg/L
Storr's Lake, south sector
WS1, sediment 51.9 34.11 0.02
WS2,5 cm 57.1 3691 6.16
WS2, 20 cm 57.3 37.10 522
WS2, 46 cm 57.2 37.09 5.32
WS3,5cm 57.9 37.26 6.86
WS3, 20 cm 57.8 37.30 6.14
SSS1, 10 cm 54.2 33.83 6.00
SSS1, 20 cm 53.8 33.69 6.09
SSS1, 40 cm 53.6 33.81 6.00
Conduit into Storr's Lake, north
sector
conduit - N, Jan 8 2.3 1.27 4.90
conduit - N, Jan 11 4.2 2.12 3.58
conduit - S, Jan 8 2.4 1.33 4.65
conduit - S, Jan 11 4.4 2.23 4.72
Gerace Research Center well n/a n/a 3.60
Seawater, Dim Bay 459 29.02 7.05
Salt Pond
North Salt Pond 58.0 36.25 6.81
South Salt Pond 54.4 35.05 5.44
Six Pack Marsh 1.9 0.95 341
Triangle Pond n/a n/a n/a
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Appendix B
Table of Water Chemistry Parameters and Elemental Abundance for Storr’s Lake Water,

Conduit Water, Well Water, and Dim Bay Seawater Collected in January 2016
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cel

Sample Turbidity Total Akalinity Ca hardness Mg hardness Ca* Mngr Na*
NTU mg/L as CaCO; mg/L as CaCO; mg/L as CaCO; mmol/L mmol/LL mmol/L

Storr's Lake, north sector

EN1, 55 cm 98 122 1370 7330 13.59 62.84 569.7
EN2, 52 cm 109 127 1390 7310 13.37 60.05 564.3
WNI1, 40 cm, Jan 8 110 113 1380 7320 13.54 61.02 573.0
WNI1, 40 cm, Jan 11 100 131 1350 7450 n/a n/a n/a
WNI1, 40 cm, Jan 11 (field dup) 95 129 1410 7090 n/a n/a n/a
WNI1, 40 cm, Jan 11 (field trip) 95 127 1330 7570 n/a n/a n/a
WN2, 82 ¢cm, Jan 8 219 117 1380 7620 13.55 60.65 568.0
WN2, 82 cm, Jan 11 102 126 1370 7330 13.45 60.00 562.4
WN3, 102 cm, Jan 8 259 109 1585 7715 12.95 59.10 548.8
WN3, 104 cm, Jan 11 106 121 1350 7050 13.35 60.06 563.9
WN4, 75 cm 107 123 1330 7370 13.40 61.85 565.1
WNG6, 120 cm 104 128 1440 6960 13.19 61.04 557.0
WNS, 61 cm 97 129 1470 7430 13.42 60.12 565.4
SWNI, 54 cm 171 137 1390 7010 13.45 59.96 570.1
SWN2, 40 cm 98 134 1400 7400 13.55 60.38 569.4
near SWNI1, 60 cm 100 127 1400 7200 n/a n/a n/a
Storr's Lake, south sector

ES1, 10 cm 93 132 1350 7600 13.60 60.22 561.7




eel

Sample Turbidity Total Akalinity Ca hardness Mg hardness Ca® Mg** Na®
NTU mg/L as CaCO; mg/L as CaCO; mg/L as CaCO; mmol/LL. mmol/LL mmol/L

Storr's Lake, south sector

ES1, 50 cm 94 127 1385 7515 13.47 60.04 567.0

WSI1, 5 cm 94 149 1390 7110 13.62 62.47 565.2

WS1, 50 cm 100 147 1360 7440 13.47 60.43 569.4

WS1, 111 cm 95 138 1345 7555 13.62 63.53 579.2

WS2, 46 cm 101 160 1310 7190 13.96 64.85 608.2

WS3, 40 cm 109 140 1390 7410 13.50 60.92 571.0

Storr's Lake, south of south

sector

SSS1, 40 cm 58 137 1790 6710 17.72 52.37 505.7

Conduit into Storr's Lake,

north sector

conduit - N, Jan 8 0.8 280 270 630 2.08 2.07 19.0

conduit - S, Jan 8 0.7 266 230 270 1.98 2.14 19.6

Gerace Research Center well 1.9 247 170 330 1.10 1.42 2.5

Seawater, Dim Bay 0.8 118 950 5950 10.32 53.12 439.2




el

Sample Turbidity Total Akalinity

NTU mg/L as CaCO;

Ca hardness
mg/L as CaCO;

Mg hardness
mg/L as CaCO;

2+
Ca

Mg2+ Na+

mmol/LL mmeol/LL mmeol/L

Salt Pond
North Salt Pond 14.8 164 1720 6780 17.47 58.19 546.8
South Salt Pond 12.7 173 1770 8923 17.59 56.84 524.2
Six Pack Marsh 3.0 225 260 240 1.76 1.09 12.5
Continued
Sample K" Sr?* HCOy Cr SO42' Ionic Strength
mmol/L mmol/L mmol/L mmol/L mmol/L mole

Storr's Lake, north sector

EN1, 55 cm 12.16 0.16 2.44 764.9 38.3 0.82

EN2, 52 cm 12.63 0.17 2.54 713.7 36.6 0.79

WNI1, 40 cm, Jan 8 12.73 0.17 2.26 512.6 56.6 0.71

WNI1, 40 cm, Jan 11 n/a n/a 2.62 n/a n/a n/a




Gel

Sample K" Sr?* HCOy Cr SO42' Ionic Strength
mmol/L mmol/L mmol/L mmol/L mmol/L mole
Storr's Lake, north sector
WNI1, 40 cm, Jan 11 (field dup) n/a n/a 2.58 n/a n/a n/a
WNI1, 40 cm, Jan 11 (field trip) n/a n/a 2.54 n/a n/a n/a
WN2, 82 cm, Jan 8 12.66 0.17 2.34 408.2 26.8 0.63
WN2, 82 cm, Jan 11 12.51 0.17 2.52 706.2 35.6 0.78
WN3, 102 cm, Jan 8 12.42 0.16 2.18 557.8 28.5 0.69
WN3, 104 cm, Jan 11 12.63 0.17 2.42 695.4 35.6 0.78
WN4, 75 cm 12.05 0.16 2.46 738.7 37.5 0.80
WNG6, 120 cm 11.84 0.16 2.56 504.5 31.9 0.68
WNS, 61 cm 11.50 0.17 2.58 1119.5 63.5 1.02
SWNI1, 54 cm 12.66 0.17 2.74 719.5 36.0 0.79
SWN2, 40 cm 12.64 0.17 2.68 724.6 36.5 0.80
near SWNI1, 60 cm n/a n/a 2.54 n/a n/a n/a
Storr's Lake, south sector
ES1, 10 cm 12.53 0.17 2.64 723.7 37.3 0.79
ES1, 50 cm 12.60 0.17 2.54 729.3 37.4 0.80
WS1, 5 cm 12.17 0.16 2.98 712.3 36.2 0.79
WS1, 50 cm 12.60 0.17 2.94 906.1 47.6 0.90
WS1, 111 cm 12.42 0.16 2.76 712.6 37.4 0.81




ocL

Sample K* Sr* HCO5 Cr SO42' Ionic Strength
mmol/L mmol/L mmol/L mmol/L mmol/L mole

Storr's Lake, south sector

WS2, 46 cm 13.42 0.15 3.20 716.4 373 0.82

WS3, 40 cm 12.45 0.16 2.80 708.6 39.8 0.79

Storr's Lake, south of south

sector

SSS1, 40 cm 11.44 0.16 2.74 655.8 36.7 0.72

Conduit into Storr's Lake,

north sector

conduit - N, Jan 8 0.40 0.06 5.60 23.2 0.7 0.03

conduit - S, Jan 8 0.89 0.06 5.32 21.0 0.2 0.03

Gerace Research Center well 0.09 0.09 4.94 33 0.5 0.01

Seawater, Dim Bay 9.84 0.08 2.36 346.8 26.8 0.52

Salt Pond

North Salt Pond 12.59 0.19 3.28 503.9 29.2 0.67

South Salt Pond 12.03 0.19 3.46 6273 344 0.72




LE)

Sample K* Sr* HCO5 Cr SO42' Ionic Strength
mmol/L mmol/L mmol/L mmol/L mmol/L mole

Six Pack Marsh 0.24 0.03 4.50 33.0 3.0 0.03

Triangle Pond 9.78 0.08 3.30 502.0 28.8 0.60

Lab Blank 0.01 0.00 0.00 0.0 0.0 n/a




Continued

S ample Mg/C a Sr/Ca SIcalcite SIaragonite
mole/mole mole/mole

Storr's Lake, north sector

EN1, 55 cm 4.63 0.012 0.99 0.82
EN2, 52 cm 4.49 0.012 0.87 0.71
WNI1, 40 cm, Jan 8 4.51 0.012 0.69 0.52
WNI1, 40 cm, Jan 11 n/a n/a n/a n/a

WNI1, 40 cm, Jan 11 (field dup) n/a n/a n/a n/a

WNI1, 40 cm, Jan 11 (field trip) n/a n/a n/a n/a

WN2, 82 cm, Jan 8 4.48 0.013 0.80 0.64
WN2, 82 cm, Jan 11 4.46 0.012 1.01 0.85
WN3, 102 cm, Jan 8 4.56 0.012 0.86 0.69
WN3, 104 cm, Jan 11 4.50 0.012 1.00 0.84
WN4, 75 cm 4.62 0.012 0.84 0.68
WNG6, 120 cm 4.63 0.012 1.09 0.93
WNS, 61 cm 4.48 0.013 0.92 0.76
SWNI1, 54 cm 4.46 0.013 0.88 0.72
SWN2, 40 cm 4.46 0.012 1.04 0.88
near SWN1, 60 cm n/a n/a n/a n/a

Storr's Lake, south sector

ESI, 10 cm 4.43 0.012 0.93 0.77
ESI1, 50 cm 4.46 0.012 0.91 0.75
WSI1, 5 cm 4.59 0.011 1.02 0.86
WS1, 50 cm 4.49 0.012 0.98 0.82
WSI, 111 cm 4.66 0.012 0.88 0.72
WS2, 46 cm 4.65 0.011 1.05 0.89
WS3, 40 cm 4.51 0.012 1.04 0.88

Storr's Lake, south of south sector
SSS1, 40 cm 2.96 0.009 1.01 0.84
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Sample Mg/C a Sr/Ca SIcalcite SIaragonite
mole/mole mole/mole

Conduit into Storr's Lake,

north sector

conduit - N, Jan 8 0.99 0.030 0.66 0.50

conduit - S, Jan 8 1.08 0.030 0.69 0.53

Gerace Research Center well 1.29 0.084 0.30 0.14

Seawater, Dim Bay 5.15 0.008 0.70 0.53

Salt Pond

North Salt Pond 3.33 0.011 1.12 0.96

South Salt Pond 3.23 0.011 1.21 1.05

Six Pack Marsh 0.62 0.017 0.31 0.14

Triangle Pond 6.16 0.010 1.22 1.05

Lab Blank n/a n/a n/a n/a
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Appendix C
X-ray Diffraction Pattern of Stromatolitic Knob Sublayer Samples
(Black curve represents sample spectral analysis line, red lines represent spectral pattern
for standard sample 98-000-0098 of aragonite, blue lines represent spectral pattern for
standard sample 98-000-0293 of Mg-calcite with 12.9 mole % Mg, and green lines

represent spectral pattern for standard sample 98-000-0235 of halite)
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Appendix D

Old Mg Column Method and Column Chemistry Worksheet
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Step 1: Separation Mg from Matrix - Mg Column Method

Extracting Mg from Samples via 15 ml Savillex® PFA Microcolumn & 2.3 ml
Bio-Rad 200-400 mesh AG50W-X8 Cation Exchange Resin

Work in clean lab only.
Wear gloves and clean lab apparel.

Note: The procedure is only relevant for the columns that have been calibrated.
Different columns will involve different quantities of acids and must be calibrated
before use.

1. Clean AG50W-X8 resin
a. Spoon dry AG50W-X8 resin into 100 ml “Clean AG50W-X8" bottle
(PFA).
b. Fill the bottle with milli-Q water and shake slightly to submerge the dry
resin. Add dry resin until resin volume is around 50 ml.
c. Screw up the bottle cap. Shake the bottle vigorously. Allow resin to
settle (this will take around 10~15 min.). Decant water to the sink.
Repeat water clean twice more.
d. Fill the bottle with 8N HCl (1D) and shake vigorously. Allow resin to
settle. Decant acid to HCI waste container.
e. Fill the bottle with milli-Q and shake vigorously. Allow resin to settle.
Decant water to HCI waste container.
f. Repeat d and e steps twice more.
g. Fill the bottle with 1IN HNO; (1D) and shake vigorously. Allow resin to
settle. Decant acid to HNOs waste container.
h. Fill the bottle with milli-Q and shake vigorously. Allow resin to settle.
Decant water to HNO3 waste container.
i. Repeat g and h steps twice more.
j.  Fill the bottle with milli-Q and shake vigorously. Allow resin to settle.
Decant water to the sink. Repeat this step until the decant water has pH
around 5.
2. Weigh samples (20 pg Mg)
a. Prepare clean sample beakers for each sample and label them.
b. Weigh blank beakers and record the values as m;.
c. Weigh loaded beakers with proper amounts of samples (containing 20 pug
Mg, according to Mg weight percent of each sample) and record the
value as my.
d. The weight of sample is my-m;.
3. Digest carbonate samples (water samples skip to step 3)
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b

Add a few drops of 10% H,O; into sample beakers and wait for 48 h to
remove organic matter. dissolution in dilute hydrochloric acid in
preparation for chemical separation.

Then add dilute HCI to dissolve samples until no bubbles appear.

4. Dry down samples.

a.

b.
5. Bring
a.
b.
C.

d.

.

On hot plate inside drying beakers with filtered air. (First dry down with
120°C, when the sample is close to dry, adjust the temperature to 80°C
and dry until the samples become wet salt state)
~1 hour per ml to be dried down
Weigh beakers again and record the values as ms.

up the samples
Let samples to cool down to room temperature.
Add 100 pl IN HNOs into each beaker.
Tighten the caps of beakers and weigh them, record the values as m.
The weight of liquid sample is my-mj.
Swish the acid around in the beakers in order to get all of the sample off
the walls of the beakers.
Let stand to dissolve (~10 minutes). Sonicate if necessary (1~2 minutes).

6. Clean columns.

a.

b.

Pour 50% clean HNOs acid (1D) in large plastic volumetric cylinder.
Submerge the columns upside down into the acid. Use pipette to suck the
air out of the columns and fill the columns with acid (pipette tips are
acid-cleaned).

Sonicate the loaded cylinder.

~30 minutes

Pour the acid out of the cylinder, take out the columns, and use pipette to
squeeze the acid out of the columns.

Use wash bottle (filled with Milli-Q) to clean the columns inside and out.
Pour Milli-Q in the glass tray. Submerge the columns in Milli-Q. Use
pipette to suck the air out of the columns and fill the columns with water.
~15 minutes

Place the columns in the Mg column rack. Make a note on spreadsheet
which sample corresponds with which column. Put one waste vial under
each column.

Fill the columns with Milli-Q. Use pipette to squeeze out the air in the
capillary. Let at least 10 ml Milli-Q flows through the columns (If waste
vial is full, dump the water to the sink).

~5 minutes

7. Fill columns with resin.

a.

b.

Make sure water is dripping out of the columns (no air in the capillary).
Fill the column first with Milli-Q to more than 5 ml in the reservoirs.
Add pre-cleaned resin to columns, allowing the resin to settle down by
gravity. Keep adding the resin until the top of the resin is a little higher
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C.

than the bottom of the reservoir (the joint between the reservoir and the
capillary), as HNO3 conditioning will noticeably lower the level.

~20 minutes

Do not allow the resin to dry out.

8. Clean resin in column (to be tested).

a.

b.

C.

d.

Make each waste vial is half full with Milli-Q.

Rinse resin with 3 ml of 6 N Clean HCI (1D).

ca. 40~50 minutes

Rinse resin with 3 ml of Milli-Q water.

ca. 40~50 minutes

Dump waste liquids to the HCI hazardous waste containers

9. Condition the resin with 1 N clean HNOs (1D).

a.

b.

Add 6 ml 1 N clean HNOs (1D) and allowing it to drip through the
column into waste vials. The solution in waste vials can be discarded
into the HNOj; hazardous waste containers.

80~100 minutes

Again, do not allow the resin to dry out.

10. Adjust height of resin

a.

Add 200 pl 1 N clean HNO; (1D) and use pipette to remove the extra
resin to a clean beaker. To keep the final resin levels at the bottom of the
reservoir (the joint between the reservoir and the capillary). Make sure
the resin levels are correct (it is important because the columns have
been calibrated based on a specific amount of resin in the columns).

~30 minutes

11. Load samples onto columns.

a.

d.

Prepare a separate acid-cleaned pipette tip for each sample. Tighten the
caps of beakers and shake beakers up and down to let samples rinse the
inner wall of the beakers.

Carefully load 50 pl of each sample on to the resins.

When the samples have percolated into the resins, add 50 pl more of
each sample.

~1/4 hour

Weigh the beakers again and record the values as ms. The weight of
loaded sample is m4-ms.

12. Wash the sides of sample beakers and columns with 1 ml of 1 N clean HNO;

(1D).
a.

Wash sample sides of sample beaker with 100 pl and load onto column.
Wait until it percolates into the column and the level is once again at the
bottom rim. Then repeat once more.

Wash carefully the sides of the columns with 200 pl. Wait until level is
at rim, then repeat with once more.

Repeat with 400ul.

1/2 hour
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13. Wash with 23 ml of 1 N clean HNO; (1D).

a.

.

f.

Add 10 ml of 1 N clean HNO; (1D) to columns. (Let the first 1 ml of I N
clean HNO; (1D) drops on the sides of the columns. Add the acid in
drops instead of flows to avoid the resins being disturbed. The two rules
are also applied in later steps)

When acid levels just cover the bottom sides of the reservoirs (~1 ml),
add the remaining 13 ml of 1 N clean HNO; (1D) to columns.

Weigh the labeled 22 ml clean Teflon beakers, and record the value as
Mme.

When acid level is at the bottom rim, remove the waste vials from
underneath the columns and replace with a set of clean 22 ml Teflon
beakers. It will take about 14~18 min. per cc for the acid to drip through
the columns.

Do not let the resin dry out.

Dump the waste liquids to the HNO; hazardous waste containers.

6~7 hours

14. Collect Mg cut by eluting 15 ml of 1 N clean HNOs (1D).

a.

b.

Add 1 ml of 1 N clean HNOs (1D).

When acid level is at the bottom rim, add the remaining 14 ml of 1 N
clean HNO; (1D).

3.5~4.5 hours

The 15 ml collected eluant represents the Mg cut. Weigh the loaded
beakers and record the values as m;. The weight of collected Mg cut is
my-me.

15. Remove used resin.

a.

The resin should be replaced after each set of samples has been run. Add
Milli-Q to the columns and use pipette to suck the resin out of the
columns. Collect & store used resin in the acid-cleaned and labeled PFA
bottle.

16. Measure Mg concentration on ICP-OES.

a.

b.
C.

Prepare a set of clean 15 ml beakers and label them. Acid clean
corresponding amount of disposable tubes and label them.

Weight their weights on the balance and record the values as mg.

Use pipette to remove 5 ml of Mg cut of each sample to a 15 ml beaker
and weight the loaded 15 ml beaker, record its value as mg. The weight
of removed Mg cut is mo-msg.

Dry down the 5ml and 10 ml of Mg cut on the hot plate.

~1 hour per ml to be dried down

Weigh the dried 15 ml beakers and record their values as myo.

Bring up 15 ml beakers with 4 ml 2% HNO3 and weigh the loaded
beakers, record their values as m;;. The weight of 4 ml 2% HNOsis my;-
mjop.
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g. Sonicate the loaded beakers and then transfer the 4 ml 2% HNOs; to
corresponding tubes.
~30 minutes

h. Prepare blank and Mg standard. Measure Mg concentration on ICP-OES
~10 minutes for each sample

i. Calculate Mg yields with ICP data as well as the weight values recorded
in the procedure.

17. Measure Mg isotopic compositions at PSU

a. Ship the dried 22 ml beakers to PSU for Mg isotopic composition

analysis in Metal Isotope Laboratory if the Mg yields are satisfactory.
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Step 1 Mg Column

951

Name: Time:
Rack Rack
Column 1 2 3 4 5
Sample
Lab ID
Step 1 5 ml H20
Step 2 Fill resin in H20
Step 3 6 ml 1IN HNO3
Step 4 Adjust height of resin
Step 5 100 ul sample
Step 6 200 ul IN HNO3
Step 7 300 yl IN HNO3
Step 8 500 ul 1IN HNO3
Step 9 23 ml 1N HNO3
Step 10 1 ml 1IN HNO3
Step 11 14 ml 1IN HNO3

Old step 1 Mg column chemistry worksheet. (This step is to separate Mg from matrix.)




Step 2: Separation Mg from Ca matrix — Ca Column Method

Extracting Mg from Ca matrix via 6 ml Savillex® PFA Microcolumn &
750 ul MCI GEL 100 mesh CKO8P Cation Exchange Resin

Preparing materials (done days before doing column work):

e Clean the MCI resin *typically already done*

e C(lean 3 vials for each sample and blank

e Prepare 1.8 M ultrapure (Optima) HCI

e Prepare 6 M ultrapure (Optima) HCI- note 50% by volume works
Preparing Mg Samples for Ca Columns (done at least 1 day before doing
column work):

e Dry down (evaporate) sample on hotplate (at 100 to 150 °C), ~1 hour per
ml

e Reconstitute dried sample in 75 ul 1.8M HCI - Ultrasonicate if needed to
completely dissolve sample (~10 minutes)

e Weigh empty (clean) collection Teflon vials

Ca Column Methodology:

1. Fill columns with MilliQ on rack; using pipette to force air out of column
e Be sure the frits are situated above the line on the column (push up
using pipette tip

2. Load ~1 mL MCI resin in water onto columns filled with water
e Remove excess water from reservoir, leveling resin bed above

reservoir bottom

3. Wash columns with 3 mL of 6 M HCIl
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10.

Wash columns with 3 mL of MilliQ
e at the end of the wash, push up each frit using a clean pipette tip
o then, level the resin level to be just at the reservoir bottom,
remove excess resin

Condition the columns: with 2 mL of 1.8M calibrated HC1
Load the sample onto the column (75 uL of 1.8M HCl) AND

REPLACE waste collection with weighed empty (clean) collection Teflon
vials

Continue to load the sample by rinsing the sample vial and adding 50
uLL twice, thenn 100 uL twice, then 200 uLL

Wash with 3 ml of 1.8M HC1 AND COLLECT for Mg isotopes
Remove collection vials and weigh (full)
Clean Ca off columns by adding at least 3 ml of 6M HCI, letting this drip

into SAFETY vials (not need to weigh these — they will only be used if
the Mg yield is poor)

After finishing the chemistry, discard the resin in the used resin waste bottle.

Mg yield check:

Weigh EMPTY Teflon vial (before adding aliquot of collected sample)

Add 1 ml of sample solution equivalent to ~5 ug Mg to empty, weighed
Teflon vials to test / analyze on ICPES — this should constitute ~1/4 of the
weight of the collected sample (NOT MORE THAN ONE FOURTH of
3.5 mL collected)

Weigh Teflon vials again (after adding sample) — difference is sample
weight added

Dry down (evaporate) sample on hotplate (at 100 to 150 °C), ~1 hour per
ml
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Reconstitute dried sample in 4 ml of 2% (by volume) ultrapure HNO:s.
Ultrasonicate if needed to completely dissolve sample (~10 minutes)

Record final weight of 2% HNO; sample (in Teflon vial)

Pour sample into acid-cleaned (10% HNO; overnight) ICP tubes (15 ml
centrifuge tubes)

Measure these samples (along with the test load samples if prepared) on
the ICPES; Calculate yield...
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091

Step 2 Ca Column

Ca Separation using Calibration from

Name: Time:
time start
sample

Column
10 ml 6N HCI wash nd
10 ml MilliQ wash nd
Load 1 ml Resin load
3 ml 6N HCI wash
3 ml MilliQ wash
2 ml 1.8N HCI condition
Load Sample (75 ul) | SAMPLE
50 ul 1.8N HCI rinse 0tc 0.5
50 ul 1.8N HCI sample
100 ul 1.8N HCI vial +
100 ul 1.8N HCI COLLECT
200 ul 1.8N HCI FOR Mg
3.0 mL1.8N HCI COLLECT 05t03.5
3.0 mL 6N HCI SAFETY
Notes:

weights needed for calculating percent yield

sample COLLECT [sample COLLECT wvial 174 test vial weight 114 test vial weight ful
vial weightemoty |  weiaht full emoty

1-

2-

3-

4-

5-

6-

Old step 2 Ca column chemistry worksheet.(This step is to separate Mg from Ca matrix)




Appendix E

New Mg Column Method and Column Chemistry Worksheet
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Step 1 Mg-Ca column Name: Time:
Column time start 4
Sample
2 reservoir volume MilliQ wash nd
load 1 mL AG50-X8 resin | load resin nd
. 3mLO0.5NHF
collect in 3 mLMill
HF waste mL MilliQ
3mLO0.5NHF
beakers wash
3 mL MilliQ
. 3 mL 10 N HCI
collect in 3 mL Mill
HCl waste mt MilliQ
2 mL 10N HCI condition
beakers - - - - -
adjust resin height adjust resin
Load Sample (250 uL 10N) | load sample
collect Mg | collectin 7 200 uL 10N HCI ) .
+ matrix ml vials S00 UL 10N HC rinse with
500 uL 10N HCI 10 N HCI
1.5 mL 10N HCI
collect in
HCl waste [0.5 ml 8N HCI ) .
beak rinse with 8
Tla er N HCl
collect ca | "€t 110 migN Hal
10 ml vials
fill reservoir 6N HCI wash

New step 1 Mg-Ca column chemistry worksheet. (This step is to separate Mg+matrix from Ca for samples with high Mg/Ca ratio)




€9l

Step 2 Mg column Name: Time:
Column time start
Sample
2 reservoir volume MilliQ wash nd
load 1 mL AG50-X8 resin load resin nd
. |3mL0.5NHF
collect in 3 mL Mill
HF waste m iliq
3mL0.5NHF
beakers wash
3 mL MilliQ
3 mL 10N HCI
3 mL MilliQ
3 mL0.4N HCI condition
adjust resin height adjust resin
. Load Sample (250 uL 0.4N) | load sample
collect in 200 uL 0.4N HCI
HCl waste ue.
300 uL 0.4N HCI
. beakers . .
matrix 500 uL 0.4N HCI rinse with
9 mL 0.4N HCI 0.4 N HCl
9 mL 0.4N HCI
9 mL 0.4N HCI
loct 1 ml 1N HC) rinse with 1
collect Mg | ©"¢<'™ 113 mI 1IN HCl N HCl
22 ml vials
fill reservoir 6N HCI wash

New step 2 Mg column chemistry worksheet. (This step is to separate Mg from matrix).
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