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Abstract

Environmental fluctuations related to climate, biological productivity, and evaporation
can be recorded by sedimentary archives within lacustrine depositional systems. Sediments
within terminal, closed-basin lakes are amongst the most sensitive paleoenvironmental
indicators, and have great potential for permitting detailed reconstruction of environmental
conditions via a variety of geochemical and isotopic proxies. Microbialites, however, have been
largely overlooked as repositories of paleoenvironmental data. Here, we investigate mineralized
microbialites within Laguna Negra, a high-altitude (4100 meters above sea level) hypersaline,
closed-basin lake in the Argentinian Puna region and explore the potential recovery of
environmental signals from these unique sedimentary archives. Mineralized microbialites within
Laguna Negra preserve complex layering composed of three distinct carbonate fabrics —
isopachous cement phases, botryoidal precipitates, and microbially-associated micrite. These
phases are interpreted to reflect differential physical and biological influences on carbonate
nucleation and growth. Detailed preservation of successive laminae within these microbialites

provides the opportunity for time-wise reconstruction of geochemical signatures.

Geochemical analysis of Laguna Negra microbialites shows overall range of '"’[delta-
13]C,,p[carbonate carbon] is from +5.75%0 [permil] to +18.25%o and from -2.04%o to +7.36%0
for 6'*[delta-18]0,,,[carbonate oxygen]. Long-term signals preserved within successive laminae
of lighter 8°C_,,, and 6'°0,,,, through time suggests increased input water contribution since the

beginning of microbialite deposition. General hydrological evolution of Laguna Negra is



reconstructed via integration of observed oxygen isotopes signatures with published water
balance models, and is consistent with regional records from other lacustrine systems.

Examination of paired 6"°C_,,, and 8"[delta-13]C,[organic carbon] permits interpretation of the

org
relative effects of evaporation and biotic activity in the evolution of Laguna Negra, and reveals

that extrinsic parameters, such as CO, [carbon dioxide] degassing and evaporation are the

primary control on isotopic evolution.

Geochemical and petrographic differences between microbialites across a spatial
gradient, however, suggest that Laguna Negra microbialites also preserve signals that represent
both heterogeneous evolution of environments within the lake and influence of biogenic activity.
Ultimately, understanding of the relative effects of environmental and biotic parameters on the
evolution of lacustrine deposits will enhance our understanding of both paleoenvironmental

change and its potential relationship to microbialite mineralization.
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Section 1: Introduction

The Andean Altiplano is located between the modern tropical and extratropical rainfall
belts and is extremely sensitive to climatic change. Fluctuation in hydrological regime during the
late Pleistocene and Holocene have been preserved by a variety of paleoclimatic records,
including ice cores (Thompson et al., 2000), tree rings (Christie ef al.,2011), and lake sediment
cores (Valero-Garcés et al., 1996; Schwalb et al., 1999; Valero-Garcés et al., 2000; Abbott et al.,
2003). Despite a large number of studies dedicated to paleoclimate reconstruction,
inconsistencies among proxy data suggest that different sedimentary archives record distinct
scales of hydrological interaction. For example, regional groundwater bodies and paleosols of the
Atacama Desert are slow in responding to climate change, and therefore, proxies that sample
these repositories provide robust data on timescales of centuries to millennia (Grosjean et al.,
2003). By contrast, proxies such as pollen and rodent middens provide information that results
from climatic variability on seasonal to inter-annual scales (Grosjean et al., 2003). As a result of
the inherent variability regarding the scale to which proxies can be applied, sound
paleoenvironmental reconstruction requires detailed understanding of the limitations of different

sedimentary archives.

Lacustrine sediments offer multiple avenues of proxy information through which
paleoenvironments may be reconstructed. Specifically, sediments within lakes and salars can

record decadal to centennial climate variability (Grosjean et al., 2003) via inorganic carbon and



oxygen isotopes (Grosjean, 1994; Schwalb et al., 1999), organic elemental ratios and carbon
isotopes (Pueyo et al., 2011), and trace metal concentrations within carbonate (Chivas et al.,
1993; Valero-Garcés et al., 1996). Preservation of high-resolution records also permits
interpretation of a range of environmental conditions that may reflect a combination of abiotic
and biotic drivers. For example, ecological conditions related to periods of enhanced biological
productivity can be reflected in the isotopic composition of organic carbon (Meyers & Horie,
1993; Meyers & Lallier-vergés, 1999). Productivity, however, is often dependent upon rates of
evaporation and precipitation within the basin (Valero-Garcés et al., 2000; Grosjean, 2001),
which in turn, can be reconstructed via oxygen isotopes and trace elements (cf. Frantz et al.,

2012; De Cort et al., 2013;).

Hydrologically closed basins, in which water export occurs only through evaporation—
and, in particular, hypersaline lakes within these closed basins—are unusually sensitive to
climate change, and serve as critical paleoenvironmental sensors (Valero-Garcés et al., 1996;
Grosjean et al., 1997). Laguna Negra, Catamarca Province, Argentina (27°38’S, 68°32” W) is a
terminal hypersaline lake within the Laguna Verde closed basin system. In order to better
understand the history of environmental fluctuations in climate and water balance —as well as
the nature and degree to which these physical agents have driven changes in productivity within
Laguna Negra since the Late Holocene —we present a multi-proxy analysis of lake sediments.
Whereas limnogeological studies most commonly examine lake sediment cores, here we
examine mineralogical and geochemical records preserved within laminated, mineralized

microbialites. Laguna Negra microbialites consist of concentrically laminated structures (Gomez



et al., in press). We systematically examine successive laminae for petrographic textures,
mineralogy, isotopic composition of carbonate (oxygen and carbon) and organic constituents,
and elemental compositions of carbonate phases. Combining geochemical data and hydrological
models, we build a time-wise reconstruction of paleohydrological variation within Laguna
Negra. Comparison of observed and modeled records from Laguna Negra with those of other
regional lake records (Grosjean et al., 1997; Valero-Garcés et al., 2000) will test whether
mineralized microbialites within Laguna Negra provide an effective archive of

paleoenvironmental change.



Section 2: Geological Setting

The Andean Altiplano is a volcanic plateau with an average elevation of 4,000 meters
above sea level, with volcanic peaks reaching up to 6,000 meters in elevation (Fig. 1). Block
faulting during Cenozoic uplift resulted in several large, topographically isolated basins that are
filled with extensive siliciclastic, evaporite, and carbonate deposits (Strecker et al., 1989; Alonso
et al., 1991; Valero-Garcés et al., 2000; Carrapa et al., 2005; Bissig & Riquelme, 2010). These
closed basins occur within a region of northwestern Argentina where the Subandean,
Interandean, and Eastern Cordillera mountain ranges effectively block of moisture from both the
Amazon basin and the Atlantic, resulting in less than 200 mm/year of precipitation, most of
which is in the form of snowfall (Vuille & Ammann, 1997; Strecker et al., 2007; Garreaud et al.,
2009). Additionally, subtropical high-pressures across the region provide an atmospheric
structure that results in stable, extremely arid conditions (Bookhagen et al., 2001). Across the
region, sedimentary records reflect the presence of a long-term, strongly negative water balance
(Valero-Garcés et al., 1996; Grosjean et al., 1997; Schwalb et al., 1999; Valero-Garcés et al.,

2000).

Laguna Negra

Laguna Negra is the southernmost lake within the Laguna Verde Complex (LVC), which

is a series of hypersaline lakes within the southernmost Puna region, Catamarca Province,



Argentina (Fig. 1a). Unlike extensively studied salars of the Chilean Atacama (Grosjean, 1994;
Valero-Garcés et al., 1996; Grosjean et al., 1997), the paleoenvironmental information within the
LVC remains relatively unstudied. Laguna Negra is shallow (<2 m deep) and has a current area
of ~8.6 km® (Fig. 1c). The lake contains no surface outflow and is isolated from the other lakes in
the LVC by an extensive salt flat that covers more than half of the lake basin. Terrestrially-
sourced input waters enter at the southwestern margin of the lake, and correspond to the primary

location of open water within the basin.

Mineralized microbialites (Fig. 2) are located exclusively along the southwestern margin
of the lake. As with other hypersaline lake basins within the Altiplano, eukaryotic growth is
severely restricted by severe aridity, extreme daily and seasonal temperature fluctuations, and
intense UV radiation (Ordofiez, 2009). Within Laguna Negra, a single species of salt marsh grass
(Spartina sp.) occurs along southwest lake margin, at the point of freshwater input. Organic
matter (OM) production is dominated by microbial mats, containing a consortia of cyanobacteria
and pennate and centric diatoms (Surirella) in the upper 1-3 mm of the mat, an undermat
containing purple and green sulfur bacteria, and a thick black horizon dominated by microbial
sulfur reduction (Gomez et al., in press). Such consortia are similar to other high-elevation
Andean lake (Ordofiez, 2009). These mats are restricted to the southern margin of the lake, and
are spatially associated with microbial carbonate (Fig. 2). Throughout most of the lake, the
substrate consists of unconsolidated immature silt, sand, and volcanic lithic components (Gomez

et al., in press).



Figure 1: (a) Catamarca province, NW Argentina, where the Laguna Verde Saline
Complex (LVC) is located. (b) Locations of other lake complexes in the Puna of
Argentina, including (1) Laguna Negra (this study), (2) San Francisco Basin (Valero-
Garcés et al., 2000, 2001), (3) Laguna Miscanti (Valero-Garcés et al., 1996), (4) Lake
Lejia (Grosjean, 1994), (5) Las Peladas (Valero-Garcés et al., 2001), and (6) and El
Peindo (Valero-Garcés et al 2000; 2001). (c) Detail of the LVC. Laguna Negra is the
southernmost lake within the LVC and is separated from the other lakes within the
complex by halite deposits. Regional geology consists of andesitic to balsaltic volcanic
rocks as well as numerous closed-basin lakes containing siliciclastic, carbonate, and
evaporite lithologies.



Lake Chemistry

Measurements of lake water chemistry reveal that lake waters within Laguna Negra
consist of a Ca-, Na-, and Cl-rich brine (Gomez et al., in press). Salinity is as high as 309%o,
alkalinity, expressed as Total Alkalinity (carbonate, bicarbonate, and hydroxide alkalinity) is
approximately 833 mg/L, and [CO,] [the concentration of carbon dioxide] is 3002 ppmv as
determined through titration with sodium hydroxide to the phenolphthalein end-point in 100 mL
samples (Table 1). These values are in stark contrast to brackish inlet waters that reflects their
origin from glacial snowmelt, with an average salinity of 18 %o, alkalinity of 270 mg/L, and
[CO,] of 216 mg/L. The measured concentration of calcium within lake waters is elevated
compared to theoretical ionic concentrations (Gomez et al., in press), suggesting a possible
contribution from calcium-rich regional deep ground waters that circulate within Ordovician
limestone (cf. Risacher, 2003). These elevated calcium ion concentrations are responsible for the
relatively low molar Mg/Ca ratios of both lake (0.41) and mixing zone (0.78) waters relative to
other closed, saline basins in the Altiplano region of Chile and Northwestern Argentina, which
typically range from 3.2 to =10 (Valero-Garcés et al., 1996; Risacher et al., 1999; Valero-Garcés

et al., 1999; Valero-Garcés et al., 2000; Pueyo et al., 2011).



Figure 2: (a) Microbialites of Laguna Negra (b) Slab section showing concentric,
millimeter-scale lamination.



Table 1: Hydrochemical measurements made in 2009 on inlet, lake, and mixing zone waters (Gomez et al., in press).

Hard-
Sample Water type pH CO;, Temp Salinity ness Alkalinity Na® K' Mg" ca* Cr SO
mg/
mg/L C ppt mg/L mg/L mg/L L  mg/lL mglL mg/L mg/L
1 Lake 5.7 2886 185 325 10900 880 61921 3998 5180 14650 196100 82
2 Lake 5.6 3520 157 317 n.d. 930 61562 5320 7180 14650 204800 95
3 Mixing Zone 7.7 231 21.7 16 12800 550 2969 293 400 330 75200 128
4 Mixing Zone 6.5 982 20.8 120 38100 300 28894 1328 2150 6120 68800 176
6 Inlet Water 7.8 214 20.8 15 5300 290 2845 158 450 820 9450 31
7 Inlet Water 7.8 218 20.0 9 2000 430 876 146 260 460 5630 21.7
8 Inlet Water 7.4 288 22.8 27 6600 200 6638 379 1230 2630 19990 495
9 Inlet Water 7.5 285 23.1 22 5300 160 4154 178 970 1910 13780 322
10 Lake 5.8 2601 6.8 286 90000 690 90922 7420 7680 19280 198100 108
14372
11 Inlet Water 5.7 2562 31.1 316 83900 330 6 6216 6640 19210 208400 104
12 Inlet Water 6.8 423 31.6 63 24000 40 6902 258 1590 5740 38830 506
Avg. Lake 5.7 3002 13.6 309 50450 833 71468 5579 6680 16193 199666 95
Avg.  Mixing Zone 7.2 665 249 27 21183 241 27523 1222 1856 5128 49346 246
Avg. Inlet 7.1 606 21.3 68 25450 425 15931 810 1275 3225 72000 152
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In addition to broad differences between lake and inlet waters, initial water chemistry
measurements show persistent chemical zones along the southern edge of Laguna Negra (Gomez
et al., in press). This shallow water margin reflects the northward progradation of alluvial fan
deposits and corresponds to the region of microbialite mineralization. Zone 1 is located at the
southernmost margin of the lake and contains the source of fresh inlet water. Its location is
marked by nearshore salt marsh grass, Spartina sp. (Figs. 3a, b). Zone 2 is an intermediate zone
between fresh waters of Zone 1 and more brackish waters and contains ponds with active
microbial growth (Figs. 3a, ¢). Zone 3 reflects a zone of mixing between inlet and lake waters,

and represents the exclusive region of microbialite mineralization (Figs. 3a, d-f).

Microbial carbonate deposition is restricted to Zone 3, and is referred to as the
stromatolite belt (Gomez et al., 2012). Initial data suggests that the stromatolite belt, itself,
contains heterogeneous hydrochemistry inferred to result from a combination of spatial
differences in the extent of mixing and evaporation (Gomez et al., in press). Within these zones,
laminar mineralized crusts are located primarily within Zone 3A (Fig. 3d); Zone 3B is dominated
by centimeter-scale carbonate gravels (Fig. 3e); and Zone 3C contains the most extensive

accumulations of microbial oncolites (Fig. 4f). Samples for this study were collected from Zone

3A and Zone 3C.



Figure 3: Geochemical zones of Laguna Negra. (a) Map view of zonation, modified
from Gomez et al., in press. (b) Zone 1 characterized by freshwater inlet and salt
marsh grass. (c) Microbial mats within Zone 2. (d) Laminar microbialite crusts in Zone
34, the zone farthest from fresh water source. (e) Carbonate gravels within Zone 3B.
(f) Spheroidal to discoidal microbialites within Zone 3C.

11



LN-13-1

LN-13-10 LN-13-13

LN-13-20 LN-13-28

Figure 4: Microbialites used in this study. Samples LN-13-1 through LN-13-20 are
interpreted as "microbially-mediated"”, whereas sample LN-13-28 is interpreted as
"chemically precipitated". Scale bars are 1 cm.

12
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Section 3: Microbialites as Paleoenvironmental Archives

Microbialites are organosedimentary structures (Burne & Moore, 1987) that contain
lamination that result from the complex interplay of extrinsic (environmental) and intrinsic
(ecological) factors (Riding, 2011; Bosak et al., 2013). Lamination can result from a
combination of trapping and binding of detrital material (cf. coarse-grained microbialites; Riding
etal., 1991; Reid et al., 2003; Dupraz et al., 2013), and the in situ precipitation of carbonate
minerals (cf. micrite and cement-dominated microbialites; Riding, 2008). The inherent
dependence of lamina formation on the environmental conditions—e.g., the supply of detrital
sediment or the ambient saturation state of carbonate minerals —combined with the successive
accretion of laminae through time suggest that lacustrine microbialites, in particular, may prove

to be critical repositories of paleoenvironmental information.

Although broadly underutilized as detailed environmental archives, microbialites have
been employed in combination with isotope proxies to reconstruct elements of lake hydrology
(Arp et al., 2005; Last et al., 2010; Kazmierczak et al., 2011; Frantz et al., 2012; Ghinassi et al.,
2012). A growing concern, however, involves the degree to which microbial processes may
overprint environmental records preserved in microbialite lamination. Specifically, diverse
microbial communities that comprise microbial mats can both evolve in response to changing
environmental conditions and can alter regional to microscale environments through metabolic

activity (Visscher et al., 2000; Dupraz & Visscher, 2005; Braissant et al., 2007; Dupraz et al.,
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2009; Meister, 2013). Additionally, microbial activity can affect local carbonate saturation by
increasing local pH through CO, fixation, heterotrophic respiration (e.g. sulfate reduction), and

degradation of extracellular polymeric substance (EPS; Dupraz et al., 2009 for review).

Laguna Negra microbialites

Mineralized microbialites within Laguna Negra occur as laminar crusts and spheroidal to
discoidal concentrically laminated oncoids that range from a few centimeters to ~30 cm in
diameter (Fig 2). Platy crusts and oncoids are distributed across Zone 3 (Fig. 3f), where they
occur both as subaerially exposed accumulations and as discrete bodies within the sediment
subsurface (Gomez et al., in press). Although the morphology of microbialites varies across
exposure area, laminar crusts (sample LN-13-28) are most common in Zone 3A and spheroidal
oncolite forms (samples LN-13-1, LN-13-5; LN-13-10; LN-13-13; LN-13-20) are more common
in Zone 3C (Fig. 4). Spatial variation in morphology may reflect, in part, water depth, which is
typically shallower in Zone 3A. Many oncoids show discrete external ridges that represent
outward growth at the air-water interface, potentially, associated with evaporation-driven mineral

precipitation.

Oncolite growth occurs through the accretion of broadly concentric, smooth to irregular
laminae, which vary in color from white to red to green. Coloration changes are potentially
reflective of vertical stratification of microbial communities containing characteristic

pigmentation. Whereas upper surfaces exposed above the sediment-water interface are typically
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orange in color, which are speculated to result from cyanobacterial UV-attenuating pigments,
carotenoid and scytonemin (Proteau ef al., 1993), portions of oncoids that occur at or beneath the
sediment-water interface are commonly dark green to black in color, suggesting a transition from
photoautotrophic groups (green and purple bacteria) to heterotrophic groups (sulfate reducing

bacteria; SRB; Gomez et al., in press).

At present, there is little constraint as to the rate of lamina accretion in Laguna Negra
oncolites. Microbial lamination has been suggested, in various cases, to represent diurnal
(Golubic & Focke, 1978; Bissett et al., 2008), seasonal (Konhauser et al., 2001), or even annual
or perennial (Grotzinger & Knoll, 1999; Petryshyn et al., 2012) deposition. Constraining the
frequency with which laminae are accreted within Laguna Negra microbialites would enhance
our ability to correlate geochemical changes across microbialites through space and time.
Uncertainty in the time represented by successive laminae may be the greatest hindrance to using
mineralized microbialites as paleoenvironmental proxies; yet, despite this uncertainty,
microbialites of Laguna Negra record time-series within successive laminae, allowing
reconstruction of time-wise changes in the lake environment based upon superposition of layers
and relative age within individual microbialites. It is also important to note that discontinuities
are also present within microbialites, with discrete laminae sometimes pinching out. Lack of
complex organic matter precludes the use of C'* age dating of Laguna Negra microbialites,
however, preliminary U-Th dating provides an age of 2443 + 252 for the innermost laminae and
1057 + 283 for the outermost laminae (Gomez et al., in press), which indicates deposition

beginning during the Late Holocene with laminae accretion on decadal time scales.
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Section 4: Analytical Methods

Sample collection

Microbialites were collected within Laguna Negra from chemical zones 3A and 3C
during austral Fall 2013. Individual samples were sawed in half with water and photographed;
samples with the potential for longest time series (i.e., the greatest number of consecutive
laminae) were prepared for petrographic and geochemical analyses. For each sample, one half
was impregnated with epoxy for thin sectioning, while the matching face was left free of
secondary treatment and prepared for biogeochemical analyses (inorganic and organic isotopes,
elemental abundances, mineralogy, total carbon). Laminae were identified and traced in
photographic images, and identified in terms of their petrographic expressions. Geochemical
analyses were conducted on splits of sample powder that were drilled from discrete laminae

using a microdrill press fitted with carbide drill bits measuring 0.25 to 1 mm in diameter.

Mineralogical identification

Mineralogical identification was conducted on multiple samples using standard powder

X-ray diffraction (XRD) analyses with a Rigaku Ultima IV at The University of Tennessee,

Knoxville. Eleven laminae across 5 samples were analyzed. Counts were taken from 4° to 70°
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(2-theta) at a rate of 2°/minute, with 40 kilovolts and 30 milliamperes. Resulting spectra were

analyzed via PDXL software.

Isotopic composition of carbonate phases

Carbon and oxygen isotopic values of carbonate phases utilized approximately 150 pg of
sample powder. Sample was reacted with 100% orthophosphoric acid (H;PO,) in an He-flushed,
sealed tube. Liberated CO, was sampled with a Finnigan Gas Bench II, and isotopic ratios were
measured with a Thermo Fischer Delta V Advantage Isotope Ratio Mass Spectrometer at
Washington University, St. Louis, Missouri. Results are expressed in standard delta notation ()
as the per mil (%o) difference relative to in-house standards calibrated to the Vienna Pee Dee
Belemnite (VPDB) marine carbonate standard for oxygen and carbon:

6%0 = [(R Rslandard/Rslandard)] - 1) *1000 (1)

sample-"~

where R is the ratio (C:"*C) for carbon and (**0:'°O) for oxygen. Sample heterogeneity
contributes to overall uncertainty, which is based upon duplicate analyses of standards. Results

are better than 0.2 %o for both 8"*C and 8'*0. Conversion of PDB values to SMOW (standard

mean ocean water) was carried out according to:

8" 0gyow = 1.03091(8"0pps) + 30.91 (2) (Friedman & ONeil, 1977)
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Elemental compositions of carbonate phases

Major, minor and trace element abundances were determined using a Perkin-Elmer
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at the University of
Tennessee, Knoxville. Approximately 1.5 mg of sample power was dissolved in 10 mL 2% nitric
acid. Insoluble material was pelleted by centrifugation and the supernatant was decanted into
clean sample tubes. Samples were analyzed for Ca, Mg, Fe, Sr, and Mn and spectra were
calibrated to a series of gravimetrically determined standards. Reproducibility was better than +
4 ppm for calcium, + 2 ppm for magnesium, + 0.004 ppm for iron, + 0.005 ppm for strontium,

and = 0.004 ppm for manganese based upon replicate measurements of standard solutions.

Organic carbon analyses

In order to determine the quantity of material required for organic carbon analysis, total
carbon (TC) and total inorganic carbon (TIC) were measured with a CM5015 CO, coulometer
with a manual acidification module and high temperature furnace at the University of Tennessee.

TOC was calculated as the difference between TC and TIC:

% TOC =TC — TIC 3)

For both TC and TIC, ~5 mg of sample powder was used. Percentage of TC is reported

from photodetection of percent transmittance after sample powder was combusted in a ceramic
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boat at 900°C in pure O, for 12 minutes. TIC is recorded via titration CO, liberated though
reaction with 2N hydrochloric acid. Analytical errors were + 0.4% for TIC and + 0.7% for TC

based upon replicate of powder samples.

Powders from several laminae were combined to isolate enough material for organic
matter analyses, resulting in a substantially coarser resolution than single lamina analysis.
Successive laminae were grouped together according to similarity in isotopic value and color in
hand sample. Sample powders were combined and acidified to completion with 10% acetic acid
and rinsed with deionized water. Carbon and nitrogen content of organic matter and isotopic
composition of organic carbon was determined using a Delta V Plus mass-spectrometer at
Washington University. Standards for organic carbon isotopes included graphite, sucrose, and

IAEA-CH-3. Duplicate analyses of standards show results are +0.4%o.

Statistics

Tukey Test

Statistically significant differences in observed isotopic compositions between the center-
most and outer-most laminae were determined through Tukey range testing. Testing was
conducted on pseudo-replicates in lieu of standard replicate data, which would require a large
number of samples. Our pseudo-replicates included four successive laminae in each microbialite
as replicates used for statistical testing. It is crucial to note, however, that use of this technique

with pseudo-replicates carries the connotation of a genetic relationship between grouped
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laminae, which is not necessarily the case. The Tukey method is a single-step statistical test that
compares means through a combination of ANOVA and pair-wise comparison of means. Tukey
testing was applied as an additional means to corroborate the qualitatively observed trend in

isotope data with a quantitative approach.

Principal Component Analysis (PCA)

Multivariate principal component analysis was conducted in PAST (Paleontological
Statistic Software; Hammer ef al., 2001) on samples separated by fabric type (isopachous,
micritic, botryoidal) and their respective measured strontium concentrations, magnesium to

calcium ratios, oxygen and carbon isotopes of carbonate, and mineralogy.



21

Section 5: Results and Interpretation

Petrographic components

Petrographic analysis reveals that Laguna Negra microbialite laminae are composed of
three discrete microfabric types: isopachous, botryoidal, and micritic (Fig. 5; see also Gomez et
al.,in press). XRD was performed on 11 discrete laminae, representing multiple samples of each
lamina type. Microbialites contain both aragonite and calcite in each lamina type, although
higher abundances of aragonite occur in sample LN-13-28 from Zone 3A, which are dominated
by isopachous laminae. Despite confirmation of aragonite mineralogies, all samples have mole %
MgCO; < 5.27%, reflecting low Mg/Ca ratios of lake waters. Isopachous laminae are typically
continuous, uniform in thickness (50—-100 um thick), and exhibit a high degree of inheritance.
Combined, these features result in smooth surface morphologies that typify this fabric type (e.g.
LN-13-28). Isopachous laminae consist of acicular carbonate that displays both competitive and
syntaxial growth, with competitive growth fabrics making initiation of isopachous growth over
other laminae types. Isopachous bands do not contain morphologically identifiable microbial or
algal elements. UV fluorescence, however, reveals rhythmic microbands within laminae,
suggesting variation in the amount of OM incorporated during growth. High degree of
inheritance during laminae accretion, coupled with uniform thickness throughout the trace of
individual laminae, suggests that isopachous laminae represent primarily abiotic, or chemically,

induced changes in carbonate saturation and calcite precipitation, which is speculated to occur
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during mixing of lake waters with inlet waters and degassing of CO, (Gomez et al., in press).
Although isopachous laminae are present in all samples, it is the dominant fabric type in oncoids

collected within Zone 3A (cf. LN-13-28).

Botryoidal layers are composed of clear, radially-oriented carbonate crystals of both
aragonite and calcite. Individual botryoids average ~230 um tall and ~320 pum wide, although
larger botryoids occur in oncolites collected from Zone 3A (cf. LN-13-28). Inheritance from
underlying layers is irregular and thickness is variable both within and between botryoidal
laminae. Botryoidal fabrics occur primarily as individual botryoids surrounding micritic nuclei,
or as stacked botryoids that fringe micritic clumps, creating more laterally continuous laminae.
In most cases, botryoidal fabrics encompass diatom (primarily pennate and centric) remains.
Abundance of associated diatoms and elevated fluorescence of sedimentary organic matter at
botryoid centers leads to the speculation of organic materials to aid in carbonate nucleation. For
example, diatom extracellular polymeric substance (EPS) has been suggested to serve as an
organic template for carbonate mineralization as well as provide ions, such as Ca**, that can
contribute to calcium carbonate formation during organic matter degradation (Dupraz et al.,

2009).

Micritic laminae are irregular in thickness (45—-650 um thick) and are a dominant
component of Laguna Negra microbialites. Micritic laminae contribute substantially to the

irregular surface morphology of the microbialites, with highly variable inheritance. Micritic



Figure 5: Microfabric types within microbialites, with an inferred increase in the degree
of biological influence in microfabric formation from top (isopachous) to bottom
(micritic). All images are under cross-polarized light.
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laminae display heterogeneous banding of dark, micritic, and organic-rich layers and brighter
regions dominated by microspar suggestive of differential amounts of effects of biological
influence on microfabric evolution (Fig. 5). Pristine to compacted Rivularia-like filaments
(Mlewski et al., 2014) and diatoms (pennate and centric, Surirella and Navicula spp; Boidi et al.,
2014) identified with confocal microscopy and scanning electron microscopy have been found to
occur within both dark and light bands of micritic laminae. Association of micritic fabrics with
microbial elements suggests precipitation intimately associated with microbial activity. Micritic
laminae are present in all oncoids, but are the dominant fabric in Zone 3C (Samples LN-13-1,

LN-13-5,LN-13-10, LN-13-13, LN-13-20).

Interpretation of petrographic microfabrics

The relative proportions of each microfabric type is responsible for the mesoscale
morphology of the microbialites, with samples composed of botryoidal and micritic fabric types
displaying great irregularity in lamina thickness and synoptic relief (Samples LN-13-1, LN-13-5,
LN-13-10, LN-13-13, LN-13-20; Fig. 4). Samples of this type are interpreted as microbially-
mediated and are from Zone 3C. By contrast, a high relative abundance of isopachous
microfabric produces a microbialite with a relatively smooth surface morphology (Sample LN-
13-28; Fig. 4). The regular nature of lamination on both the centimeter and micrometer scales
within LN-13-28 of Zone 3A suggests precipitation without the overriding influence of

biological activity, and is here classified as chemically-precipitated.
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In light of petrographic fabrics that suggest variable participation of biological activity, it
is critical to determine in what way biological activity may potentially influence preservation of
geochemical signals. Micritic laminae, and to a lesser degree botryoidal laminae, are inferred to
reflect biological influence on formation of calcium carbonate. Biologically induced
mineralization is the process by which precipitation of minerals takes place as a result of
secondary biogeochemical reactions (Mann, 2001), which can reflect a multitude of
microenvironmental alterations induced by bacterial metabolisms (Ehrlich, 1981, 1998; Reid et
al.,2003; Dupraz & Visscher, 2005; Dupraz et al., 2013). Within microbial mats, the diverse
assemblage of bacterial metabolisms causes changes in microenvironmental conditions through
anabolic and catabolic reactions, the combined result of which is the potential for carbonate
precipitation (Ehrlich, 1996; Dupraz et al., 2009, 2013). Ehrlich (1981) characterized several of
the essential biochemical reactions that promote the growth of calcium carbonate. These include
the release of CO, and NH, as products of OM oxidation, microbial reduction of SO,*,
photosynthetic drawdown of CO,, and hydrolysis of urea. Increased pH associated with
photosynthesis (Pentecost & Riding, 1986; Riding, 2000; Bissett et al., 2008), heterotrophic
respiration (Visscher et al., 1998, 2000; Braissant et al., 2007) and degradation of low-molecular
weight organics and EPS (Dupraz et al., 2009; Gallagher et al., 2010) are well established
mechanisms of precipitation within mats and are likely reflected in micritic laminae within
Laguna Negra microbialites. The formation of characteristic microbialite laminae has been
suggested to arise through complex physiochemical forcing induced by biological community
succession within microbial mats (Reid et al., 2000; Dupraz et al., 2013), and although not

constrained at present, the relative role of metabolic processes is currently being investigated via
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a combination of metagenomic analysis, confocal microscopy, and microRaman spectroscopy

(cf. Gomez, personal communication).

The contribution of cyanobacterial photosynthesis and CO, drawdown at the mat surface
to overall microenvironmental change has been controversial (Pentecost & Riding, 1986;
Pentecost & Bauld, 1988; Ludwig et al., 2005; Bisset et al., 2008). Laguna Negra microbialites,
however, contain clear evidence for mineralization at the microbialite surface, in the form of
isopachous and botryoidal cements, suggesting the potential for carbonate formation via changes
in calcite saturation state induced by biological drawdown of CO,. Microbial oxidation of OM,
such as cyanobacteria, diatoms, and their EPS cannot be discounted as a potential driver of
calcite nucleation. Botryoidal laminae, for instance, are clearly associated with clumps of
degraded OM. Botryoidal laminae are the main constituent of microbialite centers, suggesting
that the initiation of microbialite formation and subsequent laminae accretion may be related to
the deposition of particulate OM in the form of diatoms, dead cyanobacteria, and the associated
accumulation of organic-rich EPS. Within subsequent laminae, the precipitation of calcite
coupled with continuous metabolic activity during crystal growth potentially induced fluctuation
in nucleation to growth ratios of calcium carbonate crystals (Bissett e al., 2008), resulting in the
development of micritic layers. Enhancement in the size of botryoids in Zone 3A, in association
with abundant isopachous laminae, suggest a predominant influence of extrinsic chemical

conditions.
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Isotopic compositions of carbonate phases

The carbon and oxygen isotope compositions of carbonate phases can be found in Tables
2-7, and are shown in Figs. 6 and 7. Carbon isotope values range from +5.75 to +18.25 %o (vs.
VPDB) and oxygen isotopic values range from -2.04 to +7.36 %o (vs. VPDB; Fig. 8a), although
the range of both carbon and oxygen isotope values observed in any single microbialite is
typically smaller, averaging 5 %o. Within discrete microbialites, carbon isotopes record distinct
trends from heavier to lighter isotopic values (Fig. 6), with oxygen isotopes showing a similar,
although more variable trend (Fig. 7). Pair-wise comparisons combined with ANOVA testing
show that there is a statistically significant progression of mean values from the innermost

laminae, outward toward the rim in all samples examined.

Interpretation of isotopic compositions

Hydrological balance within closed basin lake systems is most frequently interpreted by
examination of oxygen and carbon isotope covariance (Fig. 8), with an R* value > 0.7 most
commonly associated with closed-basin lakes (Talbot, 1990). Such covariance reflects the
overall coupling between isotopic evolution and hydrological balance, wherein freshwater input
supplies isotopically light carbon and oxygen, and kinetic fractionation during evaporation leaves
both carbon and oxygen isotope reservoirs enriched with respect to the heavier isotopes, *C and
"0 (Li & Ku, 1997). Although Laguna Negra is a hydrologically closed system, covariance of

the complete isotopic dataset—which provides an overall R* value of 0.024 —is substantially
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weaker than in many closed basin lakes (Fig. 8a). Covariance is substantially stronger when
individual oncolites are examined individually (providing R* values of 0.07 to 0.71), and when
covariance is determined for 4-point running averages of are considered (providing R* values of

0.24 t0 0.83) (Fig. 8b).

Absence of strong covariation between carbon and oxygen isotopes within Laguna Negra
oncolites suggests that parameters other than simple hydrologic balance are at play in Laguna
Negra. Sample LN-13-28, for instance, which is represented by dominantly chemical
precipitation (Zone 3A), records the most strongly covariant carbon and oxygen isotope
covariance (R*=0.71). Samples LN-13-1 and LN-13-5, which consist of dominantly microbially
mediated fabrics, were collected from Zone 3C approximately 55 meters from inlet waters and
record moderately covariant isotopic compositions (R*=0.63, 0.54, respectively). By contrast,
samples LN-13-10, LN-13-13, and LN-13-20 are microbially mediated samples collected within
25 meters of the fresh water input source in Zone 3C. These samples preserve the weakest
covariance (R* =0.28,0.35, and 0.074, respectively). When observed in this context, weakest
covariance occurs in samples that were collected closest to the source of fresh water input, which
is also reflected in light average 880 values (0.94,0.57, and 0.94%o, respectively) and most
variable 8'°O between adjacent laminae (Fig. 7). Samples that were collected further from the
source of fresh water input record substantially more covariant signals. These observations
suggest that degree of covariance in Laguna Negra oncolites may directly reflect precipitation of
carbonate within a zone of active mixing, across which fresh water influx is variable. Similarly,

that strongest covariance is recorded in samples petrographically inferred to record least amount
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of biological influence suggests that relatively weak covariance in many samples may also
reflect spatial variability in the extent of influence played by biological activity. Such variability
demonstrates sensitivity of signals related to spatial and temporal position within Laguna Negra,
and suggests that extraction of high-resolution paleoenvironmental data may be difficult in the

absence of a broader geochemical framework.

Despite spatial variation in isotopic composition, and our current inability to distinctly
correlate laminae between individual oncolites, all samples record general trend of heavier to
lighter isotopic composition (in both 8"°C and 8'*0), suggesting that oncolites record, on the
whole, growth during a time of greater input water contribution. Complexity of the isotopic
signals is, furthermore, not dissimilar to that recorded in other saline, closed lakes in the region
(Fig. 8b). For example, isotopic data from El Peinado (26° 29° 59 S, 68° 05 32”W, 3,820 m
a.s.l), Las Peladas (27° 05* 83” S, 68° 04’ 85” W, 3,860 m a.s.l.), and San Francisco (26° 56’ S,
68° 08’ W, 3,900 m a.s.l) basins (Valero-Garcés et al., 2000; Valero-Garcés et al., 2001) within
Northwestern Argentina (cf. Fig. 1) are comparable to those recorded within carbonates of
Laguna Negra. Each of these saline basins record 8'*O values substantially heavier than the
isotopic composition of regional input waters (-10 %o vs. SMOW; Risacher, 2003), highlighting
the overall negative water balance of the region. O-isotope compositions, however, vary
dramatically through the region. Within the San Francisco basin, for instance, isotopic analysis
showed systematically increasing values from the margin to the center of the lake (Valero-

Garcés et al., 2000). Isotopically light samples from Las Peladas have been interpreted to reflect



Table 2: Inorganic and organic isotopic and elemental compositions of laminae within microbialite LN-13-1.
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. Sample . &"Ccarb 5"0 Sr TOC 8"Corg
Lamina # N Lamina type (%o vs. (%o vs. Mg/Ca C/N (%o vs.
0 VPDB) VPDB) (ppm) % VPDB)
1 1-TOR-1 Isopachous 8.09 0.29 0.02 2371
2 1-TOR-2 Isopachous 6.45 -1.10 0.01 2121 1.12 10.28 -16.13
3 1-TOR-3 Isopachous 7.77 -0.74 0.01 2425
4 1-1-1 Micrite 5.75 -0.85 0.01 2182
5 112 _ Mixed 7.96 2,04 0.01 ugs 040 9T
micrite/Microspar
6 12 _ Mixed 6.52 0.86 001 2189
microspar/micrite
7 1-3-W Isopachous 8.34 -0.71 0.03 2680
8 1-3-1 Isopachous 9.21 -0.85 0.02 2557
9 1-3-2 Isopachous 9.15 -1.33 0.02 2572
10 1-3-3 Botryoidal 9.55 0.09 0.10 2496
11 1-4-1 Isopachous 941 -0.38 0.01 2950 1.18 994 2143
12 1-4-2 Isopachous 9.80 2.16 0.02 2611
13 1-5 Mixed 1135 176 0.02 2851
botryoid/micrite
14 1-6-1 Mixed 937 0.80 002 2436
botryoid/micrite
15 1-6-2  Mixed 9.80 0.40 0.01 2624
micrite/Microspar
16 1-7 Micrite 8.93 -0.53 0.02 2368
17 1-8-1 Micrite 9.90 0.23 0.01 2592
18 1-8-2 Mixed 9.15 035 0.01 2253 122 1207 -2645
botryoid/micrite
19 1-9 Micrite 1043 0.49 0.01 2238
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Sample

Lamina # No Lamina type 8"Ccarb 8"0 Mg/Ca Sr TOC C/N 8"Corg
(%0 Vs. (%o vs. (%o Vs.
VPDB) VPDB) (ppm) % VPDB)
20 1-10-1 . Mixed 11.72 0.94 001 2283
micrite/Microspar
21 1-10-2 . Mixed 1172 0.94 001 2642 122 1207 -2645
micrite/Microspar
22 1-11 . Mixed 11.02 0.73 0.01 2313
micrite/Microspar
23 1-12 . Mixed 12.32 1.60 0.02 2371
micrite/Microspar
24 1-13 . Mixed 10.97 1.56 001 2221
micrite/Microspar
25 1-14 micrigll\’/}‘fios o 10.34 0.98 001 2173
Mixod P 1.81 15.17 -25.68
26 1-15 | xe 9.62 143 0.02 1751
micrite/Microspar
27 1-16 . Mixed 10.17 133 0.02 1993
micrite/Microspar
28 1-17 . Mixed 10.80 1.40 0.02 2276
micrite/Microspar
29 1-18 . Mixed 12.70 2.51 001 3796
micrite/Microspar
30 1-19-1 . Mixed 10.97 1.69 001 2357
micrite/Microspar
31 1-19-2 . Mixed 10.90 2.08 001 2344 0.96 - -
micrite/Microspar
32 1-20-1 . Mixed 12.12 134 0.01 2401
micrite/Microspar
33 1-20-2 Mixed 11.80 145 0.03 2507

micrite/Microspar
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Lamina # Sz;rlr;p le Lamina type &"Ccarb 8”0 Mg/Ca Sr TOC C/N &"Corg
(%o vs. (%o vs. (%o vs.
VPDB) VPDB) (ppm) % VPDB)
34 1-21-1 . Mixed 1121 1.07 0.01 2633
micrite/Microspar 0.96 i i
35 1-21-2 _ Mixed 12.32 0.82 0.01 3002
micrite/Microspar
36 1-22-1 . ritN/Ill\)/iiedr . 12.97 134 0.02 4192
¢ ;’Aixe‘;osm 387 7.14 22007
37 1-22-2 . . 12.40 2.36 0.02 3556
micrite/botryoid
Mixed
38 1-23-1 botryoid/micrite 12,51 0.99 0.01 3220
39 1-23-2 Mixed 11.95 1.50 0.03 2860
botryoid/micrite
40 1-24 Mixed 1443 178 0.02 4387
botryoid/micrite
41 1-25 Mixed 12.28 358 0.02 2731
botryoid/micrite
42 1-26-1 . Mixed 11.86 134 0.02 3448 092 1016  -21.96
mlcrospar/mlcrlte
43 1-26-2 . Mixed 1231 157 0.02 3785
mlcrospar/ micrite
44 1-27 Micrite 12.65 1.66 ; ;
45 1-28 . Mixed 13.68 2.09 0.03 5670
micrite/botryoid
46 1-29 Mixed 1425 2.39 001 7285

micrite/botryoid



Table 3: Inorganic and organic isotopic and elemental compositions of laminae within microbialite LN-13-5. Dashes indicate either
insufficient sample powder for analysis.
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: 8" Ccarb 5"0 Sr TOC &"Corg
Lar;nna Sz;rlr;ple Lamina type (%o vs. Mg/Ca o C/N (%o vs.
: (%o vs. VPDB) VPDB) (ppm) ¢ VPDB)
1 5-1 . Mixed 6.55 0.17 0.02 2218
microspar/micrite 037 i i
Mixed ’
2 5-2 . .. 6.66 -042 0.01 2102
microspar/micrite
3 5-3-1 micritle\:/l/lljt)if oidal 8.95 -0.25 0.01 2292
Mico dy 1.47 1104  -17.29
4 5-3-2 micrite/botryoidal 8.22 -0.17 0.02 2448
5 5-4 Micrite 8.18 -0.27 0.01 2313
6 5-5-1 Mixed botryoid/micrite 8.79 -0.45 0.01 2299
7 5-5-2 Micrite 8.58 -0.18 0.02 2303
8 5-6 Mixed botryoid/micrite 9.18 046 0.01 2360
Mixed 1.75 8.81 -18.47
9 5-7-1 microspar/micrite 9.27 0.20 0.02 2426
10 5-7-2 Botryoidal - - 0.02 2113
11 5-8-1 Micrite 8.27 0.18 0.02 2477
12 5-8-2 Micrite 8.52 0.85 0.02 2239
13 59 . Mixed 778 132 0.02 2168
micCro spa_r/mlcrlte
14 5101 Mixed 7.87 0.90 002 2085 100 79 -1971
microspar/micrite ’ ’ '
15 5-10-2 Isopachous 8.30 0.30 0.02 2272
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Lamina  Sample . 13
# No. Lamina type §1Cearb 50 Mg/Ca S TOC C/N 0"°Corg
(%o vs. % (%o vs.
(%o vs. VPDB) VPDB) (ppm) ° VPDB)
16 5-11 Isopachous 9.35 0.77 0.02 2159
17 5-12 Mixed botryoid/micrite 10.61 0.84 0.02 2248 1.29 1.5 -18.9
18 5-13 Mixed botryoid/micrite 9.73 0.51 0.01 2314
19 5-14-1 Mixed botryoid/micrite 9.39 0.96 0.01 1796
20 5-14-2  Mixed botryoid/micrite 9.24 0.20 0.01 2060 164 ) )
21 5-15-1 Mixed botryoid/micrite 10.73 0.76 0.01 2316 '
22 5-15-2 _ Mixed - - 002 2317
microspar/micrite
23 5-16 _ Mixed 10.34 0.30 002 2180
microspar/micrite
24 5-17 Isopachous 10.29 0.82 0.02 2046
25 5-18-1 Isopachous 10.23 0.76 0.02 1927 0.89 16.22 2176
26 5-18-2 _ Mixed 10.73 134 002 2103
microspar/micrite
27 5-19 _ Mixed 12.33 2.74 002 2350
microspar/micrite
28 5-20 _ Mixed 1147 1.48 002 2222
microspar/micrite
Mixed 0.00 - -
29 5-21 . et 9.68 1.20 0.02 1973
microspar/micrite
30 5-22 _ Mixed 1324 180 002 2881
microspar/micrite
Mixed
31 >-23 microspar/micrite .79 1.27 0.03 2288 0.74 9.34 -20.16
32 5-24 Mixed botryoid/micrite 11.02 0.72 0.02 2315
33 5-25-1  Mixed botryoid/micrite 12.26 1.35 0.03 2319 ) i i
34 5-25-2  Mixed botryoid/micrite 13.58 1.50 0.01 3015
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Table 4: Inorganic and organic isotopic and elemental compositions of laminae within microbialite LN-13-10.

&"Ccarb d"0 TOC d"Corg
Lamina # Sa;nple Lamina type (%o V. (%o V. Mg/Ca Sr C/N (%o Vs.
0- VPDB) VPDB) (ppm) % VPDB)
1 10-1 Isopachous 8.35 -0.07 0.02 2237
2 10-2 . .Mlxed . 9.90 2.09 0.02 1757 1.38 11.84 -21.64
micrite/botryoidal
3 10-3 Micrite 10.29 2.63 0.02 1729
4 10-4 Botryoidal 10.23 1.85 0.02 2128
Mixed
5 10-5 micrite/botryoidal 8.73 0.58 0.03 2103
Mixed
6 10-6 micrite/botryoidal 9.67 0.99 0.03 2113
7 10-7-1 . Mixed 1127 1.08 0.01 2419
micrite/microspar
8 10-7-2 . Mixed 10.86 1.19 0.02 2269
micrite/microspar
9 10-8 . Mixed 8.32 0.36 0.02 2153
micrite/microspar
10 10-9 Botryoidal 8.35 045 0.03 2284 1.04 13.18 22693
11 10-10 Isopachous 10.99 0.53 0.01 2501
12 10-11 Isopachous 9.31 -0.10 0.03 2322
13 10-12 Isopachous 9.68 1.14 0.03 2351
14 10-13 Micrite 9.37 -0.03 0.02 2458
15 10-14 Micrite 9.61 1.24 0.03 2474
16 10-15 Micrite 11.15 0.86 0.01 2764
17 10-16-1 . Mixed 9.52 0.50 0.02 2695
micrite/microspar
18 10-16-2 . Mixed 9.20 -0.16 0.02 2494
micrite/microspar

19 10-17 Botryoidal 9.88 0.19 0.02 2489



Table 4 con’t

36

&"Ccarb d"*0 TOC d"Corg
Lamina # Sz;lnp le Lamina type (%o vs. (%o vs. Mg/Ca Sr C/N (%o vs.
0. VPDB) VPDB) (ppm) % VPDB)

20 10-18 Micrite 9.07 0.29 0.02 2214

Mixed
21 10-19 micrite/botryoidal 10.31 027 0.01 2304
22 10-20 Botryoidal 10.31 1.69 0.02 1922

Mixed
23 10-21 micrite/botryoidal 1091 1.79 0.03 2209 0.66 ) )
24 10-22 Micrite 10.61 2.17 0.02 2379

Mixed
25 10-23-1 micrite/botryoidal 10.30 0.66 0.01 2021
26 10-23-2 . Mixed 9.79 0.87 0.03 2069

micrite/botryoidal
27 10-24 . Mixed 10.56 0.95 0.01 2176 126 8.07 2129
micrite/botryoidal

28 10-25 Micrite 10.31 1.04 0.02 2041

Mixed
29 10-26 micrite/botryoidal 11.61 1.22 0.02 2918

Mixed
30 10-27 micrite/botryoidal 11.80 143 0.03 2255
31 10-28 Micrite 11.55 1.53 0.03 2440
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Table 5: Inorganic and organic isotopic and elemental compositions of laminae within microbialite LN-13-13.

- 8" Ccarb d"0 Sr TOC &"Cor
Lar;‘ma Szl‘\lr‘(l)l?le Lamina type (%o vs. (%o vs. Mg/Ca C/N % VS.g
VPDB) VPDB) (ppm) Y0 VPDB)
1 13-TOR Micrite 6.34 -0.39 0.02 2402 0.74 19.02 -2541
2 13-1 Micrite 5.95 -0.90 0.02 2248
3 13-2 Micrite 6.22 -0.74 0.02 2267
4 13-3 Botryoidal 8.46 -1.31 0.03 2385 1.10 23.34%* -24.28
Mixed
5 13-4 micrite/botryoidal 947 -0.65 0.03 2499
6 13-5-1 Micrite 8.66 -0.09 0.03 2195
Mixed
7 13-5-2 micrite/botryoidal 8.63 0.50 0.03 2370
8 13-6 Botryoidal 8.49 0.83 0.03 2357
9 13-7 Isopachous 7.27 -0.88 0.02 2170 0.99 10.50 -20.48
10 13-8-1 Botryoidal 8.15 -0.71 0.03 2146
11 13-8-2 Isopachous 8.73 0.35 0.02 2305
Mixed 091 i )
12 13-9 micrite/botryoidal 7.68 1.02 0.02 2028 ’
13 13-10-1 Micrite 8.07 0.07 0.03 2183 0.88 - -
14 13-10-2 Micrite 7.76 -0.88 0.02 2197
15 13-11-1 Botryoidal 8.54 -0.26 0.03 2209
16 13-11-2 Isopachous 8.83 -0.25 0.02 2243
Mixed

17 13-12-1 micrite/botryoidal 10.08 0.31 0.03 2477
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. 13, ar 18, r T 13 r
Lar;lma S?\In;p le Lamina type 6(«7gcvs.b (270 \(/)s. Mg/Ca > o C/N 6(%ocgs.g
) VPDB) VPDB) (ppm) % VPDB)
Mixed
18 13-12-2 micrite/botryoidal 9.03 0.60 0.02 2329
Mixed
19 13-13-1 micrite/botryoidal 8.28 1.20 0.02 2036
Mixed
20 13-13-2 micrite/microspar 7.92 1.52 0.02 2081
Mixed
21 13-13-3 micrite/microspar 9.24 1.69 0.02 2088 2.33 2626 2472
22 13-14 Micrite 8.78 -0.04 0.02 2117
Mixed
23 13-15 micrite/botryoidal 8.83 0.48 0.03 2178
24 13-16 Micrite 9.89 0.95 0.03 1963
25 13-17-1 Micrite 941 1.64 0.03 1929
Mixed
26 13-17-2 micrite/microspar 10.80 1.13 0.03 2122
27 13-18 Botryoidal 9.83 0.50 0.03 2264
28 13-19-1 Micrite 10.66 0.75 0.02 2225
Mixed
29 13-19-2 micrite/botryoidal 9.70 1.62 0.03 2179
30 13-20 Micrite 9.96 0.39 0.02 2274
Mixed
31 13-21 micrite/microspar 10.98 2.14 0.03 2341
Mixed
32 13-22-1 micrite/microspar 10.09 1.04 0.02 2423
33 13-22-2 Micrite 10.90 0.97 0.00 2786
34 13-22-3 Botryoidal 10.19 1.38 0.02 2478
35 13-23-1 Micrite 10.65 1.23 0.03 2026 1.68 9.09 -19.77
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TOC
Lamina ampl . 13 18 13
# ; No. Lamina type ° <0/SCv2.rb gm W Mgca ’ CN 6(%?3?
VPDB) VPDB) (ppm) VPDB)
Mixed
36 13-23-2 micrite/botryoidal 10.93 0.36 0.06 4224
Mixed
37 13-23-3 micrite/botryoidal 11.04 148 0.00 3568
38 13-24 Botryoidal 9.57 0.76 0.02 2245 1.68 9.09 -19.77
Mixed
39 13-25-1 micrite/microspar 9.94 0.06 0.03 2759
Mixed
40 13-25-2 micrite/microspar 10.64 1.15 0.03 3117
41 13-26 Botryoidal 10.12 2.16 0.03 2802
42 13-27 Botryoidal 9.44 1.78 0.03 2301
Mixed
43 13-28 micrite/botryoidal 8.63 0.63 0.03 2557
Mixed 0.65 i i
44 13-29 micrite/botryoidal 8.89 1.37 0.03 5811 )

*N just at detection limits.



Table 6: Inorganic and organic isotopic and elemental compositions of laminae within microbialite LN-13-20.
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&"Ccarb 6"0 Sr TOC 8" Corg
Lamina # Sﬁple Lamina type (%o vs. Mg/Ca C/N (%o vs.
: VPDB) (%o vs. VPDB) (ppm) % VPDB)
1 20-1 Botryoidal 8.23 1.52 0.04 2145
2 20-2 Botryoidal 8.15 247 0.04 1244 1.03 38.11 -26.89
3 20-3 Botryoidal 8.44 1.93 0.03 1090
4 20-4 Micritic 8.36 022 0.03 2155 0.77 16.3* -23 3%
Mixed
5 20-5 micritic/botryoidal 7.50 0.67 0.02 2218
6 20-6 Micritic 7.93 0.51 0.02 2263
7 20-7-1 Micritic 8.53 -1.05 0.03 2247
Mixed
8 20-7-2 micritic/botryoidal 9.61 0.10 0.04 2369
Mixed
9 20-7-3 micritic/botryoidal 8.64 -0.25 0.03 2271
10 20-8-1 Micitic 8.16 -0.05 0.02 2134
Mixed 043 9.12 -21.39
11 20-8-2 micritic/botryoidal 951 0.18 0.03 2550
Mixed
12 20-8-3 micritic/botryoidal 8.60 0.33 0.04 1496
13 20-9 Micritic 8.49 0.55 0.05 2512
14 20-10 . Mixed 9.70 0.82 0.03 2507
micritic/microspar
15 20-11 . Mixed 8.48 0.88 0.03 2316
micritic/microspar
16 20-12 Micritic 991 0.55 0.03 2387
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&"Ccarb d"0 Sr TOC d"Corg
Lamina # Se;np le Lamina type (%o vs. Mg/Ca C/N (%o vs.
0. VPDB) (%o vs. VPDB) (ppm) % VPDB)
17 20-13 . Mixed 9.16 1.10 0.04 1787
micritic/microspar
18 20-14 Micritic 10.36 0.62 0.03 2324
19 20-15 s 9.04 137 0.03 2252
micritic/microspar
20 20-16 Botryoidal 9.03 0.07 0.02 2741
21 20-17 Micritic 8.62 154 0.04 1549
22 20-18 . Mixed 11.52 1.63 0.03 2182
micritic/microspar
23 20-19-1 Micitic 933 137 0.03 2543
24 20-19-2 Botryoidal 10.62 1.56 0.05 1633
25 20-20-1 Micritic 941 175 0.05 2366
Mixed
26 20202 L iryoidal 9.46 145 0.04 1751
~ 175 - -
27 20-21 . Mixed 1121 1.08 0.03 3171
micritic/microspar
28 20-22 . Mixed ] ] 0.04 1691
micritic/microspar
29 20-23 Micritic 10.42 0.65 0.03 2352
30 10-24 . Mixed 10.26 153 0.03 2559
micritic/microspar
31 20-25 . Mixed 10.98 0.92 0.03 2794
micritic/microspar
Mixed
32 20-26-1 micritiefbotryoidal 993 0.04 0.03 2386
33 20-26-2 Micrite 10.65 1.90 0.04 2519
34 20-26-3 Mixed ; ; 0.05 1710

micritic/microspar
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Sample &"Ccarb 8"0 Sr TOC &"Corg
Lamina # N Lamina type (%o vs. Mg/Ca C/N (%o vs.
0. VPDB) (%o vs. VPDB) (ppm) % VPDB)
35 20-27 Micrite 11.27 1.00 0.02 3021
36 20-28 Botryoidal 12.08 0.65 0.03 3621
37 20-29 Micricit 10.84 1.46 0.04 2769
38 20-30 . Mixed 11.20 146 0.02 2662
micritic/botryoidal
Mixed
39 20-31 micritic/botryoidal 10.72 1.99 0.02 2480
40 20-32-1 Micritic 1048 1.44 0.02 2396
41 20-32-2 . Mixed 1028 071 0.03 2443
micritic/botryoidal
Mixed
42 20-33 micritic/botryoidal 992 1.01 0.03 2443 121 15.52 22061
Mixed
43 20-34 micritic/botryoidal 10.39 1.04 0.03 2412
Mixed
44 20-35 micritic/botryoidal 9.14 1.08 0.04 1444
Mixed
45 20-36 micritic/botryoidal 8.09 -0.01 0.03 2307
46 20-37 . Mixed 9.30 1.34 0.04 1328
micritic/microspar
47 20-38 . Mixed 9.42 1.18 0.04 4024
micritic/microspar

*Peaks outside of ideal range



Table 7: Inorganic and organic isotopic and elemental compositions of microbialite LN-13-28.
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. &"Ccarb &"0 Sr TOC &"Corg
Lar;nna S?ﬁ)ple Lamina type (%o vs. (%o vs. Mg/Ca % C/N (%o vs.
: VPDB) VPDB) (ppm) ¢ VPDB)
1 28-1-1 Isopachous 9.11 3.37 0.06 2367 0.66 - -
2 28-1-2 Isopachous 9.35 3.78 0.02 2343
3 28-2 Micritic 8.28 221 0.02 2701 0.25 - -
4 28-3 Isopachous 10.76 5.08 0.03 2204 0.00
5 28-4 Isopachous 10.66 4.19 0.03 2394 ' i i
6 28-5 Isopachous 9.04 3.00 0.03 2250
7 28-6-1 Micrite 8.62 241 0.02 2221
8 28-6-2 _ Mixed 8.22 430 0.03 2245 0.70 - -
micritic/botryoidal
Mixed
9 28-7 micritic/botryoidal 10.49 2.63 0.03 2170
10 287R _ Mixed 11.19 3.85 0.03 2560
micritic/botryoidal 034 3371 26.60
11 28-8-1 Micrite 10.02 3.40 0.03 2210 ) ) e
Mixed
12 28-8-2 micritic/botryoidal 14.83 6.12 0.03 2371
Mixed
13 28-9-1 micritic/botryoidal 18.26 6.86 0.06 2655
14 2892 _ Mixed 1521 737 003 2099 082 6335 2588
micritic/botryoidal
15 28-10 _ Mixed 15.61 6.82 0.02 7561
micritic/botryoidal
16 28-11-1 Micrite 12.18 444 0.03 2122 027 29.43 -2559
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- &"Ccarb 6"0 Sr TOC 8" Corg
Lar;nna Sz;nple Lamina type (%o vs. (%o vs. Mg/Ca C/N (%o vs.
0. VPDB) VPDB) (ppm) % VPDB)

17 28-11-2 . Mixed 12.66 6.47 0.04 2088

micritic/botryoidal

Mixed
18 28-12 micritic/botryoidal 13.31 6.03 0.04 1750
Mixed

19 28-13 micritic/botryoidal 13.28 6.02 0.02 2701
20 28-14 . Mixed 12.94 487 0.02 3659

micritic/botryoidal
21 28-15 Isopachous 13.58 5.16 0.02 5096
22 28-15-1 Isopachous 15.14 5.71 0.02 5217
23 28-16 _ Mixed 13.44 499 0.05 2501 029 - -26.26

micritic/botryoidal
24 28-17 Micritic 15.37 5.13 0.02 5354
25 28-18 Micritic 14.37 543 0.04 2704
26 28-19 Botryoidal - - 0.03 3024 131
27 28-20-1 Botryoidal 10.87 435 0.04 2527 ’ ) )
28 28-20-2 Botryoidal 11.49 4 85 0.02 2565
29 28-N-1 Not examined 13.09 432 0.02 2181 - - -
30 28-N-2 Not examined 12.36 4.64 0.02 2826 - - -
31 28-N-1 Not examined 1291 4.55 0.04 2304 - - -
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Figure 6: Time-wise carbon isotope composition of carbonate phases of Laguna Negra
microbialites. Successive laminae are not correlated between samples, yet they display similar
trends of lighter isotopes from the center laminae outward. Red infills indicate laminae
confirmed to contain aragonite through XRD analysis.
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Figure 7: Time-wise oxygen isotope composition of carbonate phases of Laguna Negra
microbialites. Similar to carbon isotopic trends, isotopically lighter values are observedfrom the
center laminae outward is observed. Notice that the isotopically lightest values in sample LN-13-
28 are among the isotopically highest in other samples. Red infills indicate laminae confirmed to
contain aragonite through XRD analysis.
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Figure 8: Isotopic covariance within carbonate phases. (a) Covariance of carbonate oxygen and carbon isotopes within individual
laminae. Sample LN-13-28 is the only sample with an R’ value characteristic of a closed-basin (Talbot, 1990). (b) 4-point running
averages of microbialite laminae isotope values, which show stronger covariance, and isotopic values reported from similar saline

basins within the Altiplano-Puna region (Valero-Garcés et al., 2000, Valero-Garcés et al., 2001).
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a hydrologically less evolved basin, whereas isotopically enriched samples from El Peindo are
interpreted to reflect highly evolved waters. When plotted next to data from these lakes, Laguna
Negra oncolites highlight the potential for hypersaline lakes to record the spatially complexity of

regional chemical signatures (Fig. 8b).

Laguna Negra is distinct from surrounding lakes in terms of both its oxygen isotopic
composition and carbon isotopic composition. The average 8"°C values among oncolites
dominated by microbial microfabrics range from +9.13 to +10.63%0 (VPDB), and the sample
principally composed of isopachous laminae, LN-13-28, has a greater average &'°C value of
+12.22%0 (VPDB). Enriched carbon isotopic values within LN-13-28 likely arise from a
combination of extensive CO, degassing during evaporation within Zone 3A and potentially the
local photosynthetic drawdown of isotopically light inorganic carbon. Here, we report carbon
isotope values up to +18.25%o0, which is among the heaviest of values found in the literature (up
to +16.5%0 VPDB; Stiller et al., 1985; Valero-Garcés et al., 1999). Similarity of these values to
that recorded in an active travertine along the eastern margin of Laguna Negra (14.69%0; Gomez
et al., in press) suggests that CO, degassing is the primary mechanism driving elevated &"C
values. It is also critical to note that comparison of Laguna Negra data to that of other
hypersaline lakes in Northwestern Argentina are based on 4-point running averages. Within
Laguna Negra, these 4-point running averages show stronger covariance (R*=0.83,0.75,0.40,
0.70,0.24, 0.86), suggesting that, despite complexity driven by spatial variability, long-term

environmental trends have been effectively recorded within Laguna Negra microbialites.
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Elemental compositions

Elemental compositions of carbonate (Sr**, Mg**, Ca’*) were measured as an independent
assessment of the extent of evaporation in controlling the isotopic composition of Laguna Negra
oncolites (Chivas et al., 1993; Boyle, 2001). Concentrations of Fe?* and Mn** were also
measured as part of standard lab protocols. Results of elemental analysis are recorded in Tables
2-7, as well as Fig. 9. Sodium concentrations (cf. Frantz et al., 2012) were unable to be measured
because of the difficulty of sample contamination by modern lake waters. Elemental analysis
shows variable trace metal incorporation. Mg** concentrations range from 1963 ppm to 23,227
ppm, and Sr** concentrations are similarly variable with a range in concentration from 1089 ppm

to 7561 ppm.

Interpretation of elemental compositions

Overall, data show a generally weak correlation between Sr** and 6'*O (Fig. 9a; R* <0.2
for each oncolite), although individual data points show similar patterns in Sr** and 8'°O
variation within some samples (Fig. 9¢c), suggesting a potential relationship between Sr** and
local evaporation. Most elevated Sr** concentrations (Sr**>5000 ppm) are not uniquely
correlated with '*O enriched isotopic values, although they are associated with the heavier
isotope compositions recorded by each sample. Although Sr** concentrations show a weak

connection to oxygen isotopes, they display a strong association with mineralogy, with samples
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that are aragonitic in composition averaging Sr** concentrations > 2,400 ppm. Additionally, Sr**
concentrations > 5,000 ppm are associated with enriched C (12-16%c amongst samples).
Combined, these observations suggest that precipitation of aragonite mineralogies (marked by
Sr** concentrations > 5,000 ppm) are likely associated with high rates of CO, degassing (cf.

Given & Wilkinson, 1985).

Organic compositions

Like other basins within Argentinian Puna (cf. Grosjean et al., 1997), total organic
carbon (TOC) is low within Laguna Negra oncolites. TOC does not exceed 3.8% in any sample,
and the average TOC of all samples is 1.4% (Tables 2-7). There are observed differences in TOC
between oncolites that are dominated by micritic microfabrics versus the chemically precipitated
sample largely composed of isopachous microfabrics. Average concentration of TOC within the
chemically precipitated sample (LN-13-28) is only 0.48%, which is about half of that measured
within inferred microbially mediated oncolites (TOC 1.4 % in LN-13-1, 1.0% in LN-13-5 and
LN-13-10, and 1.1% in LN-13-13 and LN-13-20). Low TOC values within sample LN-13-28 are

consistent with precipitation driven primarily by CO, outgassing during evaporation.
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Figure 9: Comparison of trace element and isotopic data within carbonate. (a) A crossplot of
oxygen isotopes and strontium concentration reveals that increases in [Sr] are not matched by
increased evaporation, as recorded in oxygen isotopes, suggesting that [Sr] may not be a
reliable proxy for salinity in Laguna Negra. Red infills are laminae confirmed to contain
aragonite. (b) A crossplot of magnesium concentration against oxygen isotopes shows similarly
low covariance. (c) Isotopic and elemental evolution within LN-13-1 display time-wise overall
similarity in trends, indicating a record of basin freshening, a trend that is similarly recorded
within the oxygen isotopes of LN-13-28 (d), but not within the [Sr] of this sample.
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Interpretation of organic compositions

C/N ratios within extracted organic matter were converted from weight to atomic ratios by
multiplying by 1.167 to reflect biological stoichiometry (Meyers & Teranes, 2001). C/N ratios
range from 7.6 to 65.4 and display substantial variability both between and within microbialites

(Tables 2-7). Within sedimentary organic material, carbon is, on average, an order of magnitude
greater in quantity than nitrogen, and C/N ratios in lake sediments reflect, in part, the
composition of OM from its production through the process of sediment formation (Wetzel,
1975). Distinct differences in C/N ratios between microbial, algal, and terrestrial OM can
therefore be used to determine organic source and various end-members of OM contribution can
be distinguished by characteristic C/N ratios (Wetzel, 1975; Berman, 1990; Kilham, 1990;
Piovano et al., 2004). For example, lacustrine algae and plankton, such as green algae and
cyanobacteria, have C/N ratios ranging from 6-12, whereas vascular land plants typically contain
OM with C/N ratios greater than 20 (Meyers & Teranes, 2001; (Meyers & Lallier-vergés, 1999).
Although there is no statistical difference between C/N ratios from different oncolites, the
chemically precipitated sample LN-13-28 displays higher C/N ratios when compared to the rest
of the data. With values as high as 65, the C/N ratios within LN-13-28 suggests microbial
activity that is efficient in depleting nitrogen stores within available OM (Wetzel, 1975). Such
elevated values place OM within this oncolite into the published range of C; vascular plants
(Figs. 10 and 11). In the absence of C; vascular plants in the region (Valero-Garcés et al., 1996;
Schwalb et al., 1999), however, such high values are more likely attributable to other

mechanisms that affect C/N ratios.
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In addition to OM provenance, C/N ratios provide insight into the degree of OM
recycling, with ratios exhibit variation according to nutrient availability and OM transformation
(Sterner & Elser, 2002). For instance, high degrees of microbial recycling and degradation of
nitrogen-rich organic compounds leads to the selective removal of nitrogen from OM (Eglinton,
1969; Kemp, 1971; Meyers & Lallier-vergés, 1999). Proteolytic metabolisms of microorganisms,
coupled with the physical transport of nitrogen by-products such as NO; and NH, have been
shown to be the principle mechanisms by which OM becomes nitrogen-depleted prior to
sedimentation, resulting in increased C/N values within recovered sedimentary OM (Rittenberg

et al., 1955; Keeney, 1973).

Examination of sedimentary OM preserved within Laguna Negra microbialites reveals
spatial variability, potentially related to differences in biological recycling. As stated above, the
observed elevated C/N ratios within LN-13-28 likely reflects the depletion of labile OM
resources associated with microbial transformation of OM prior to sedimentation, whereby
denitrification, coupled with the migration of released nitrogen from pore waters, produces
elevated C/N ratios. Future work focused on the detailed classification of OM within the
microbialites of Laguna Negra will further elucidate the relative degrees to which microbial

metabolisms impart signatures in sedimentary OM.

Carbon isotopes of bulk organic fractions from microbialites were also analyzed to

further understand the nature of OM and the degree to which microbial recycling may reflect
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Figure 10: C/N ratios and carbon isotope compositions of organic matter within Laguna Negra
bulk organic fractions. C/N values are atomic ratios. Expected values of C3, C4 plants and
lacustrine phytoplankton are bounded by dashed boxes (Meyers, 1994). A large range of carbon
isotopes (-15 to -26%c) suggest differential productivity across Laguna Negra (Meyers and
Teranes, 2001). C/N ratios in some samples fall within the published range of C; plants,
suggesting either high productivity, or active denitrification of organic matter (Eglinton, 1969;
Kemp, 1971; Meyers and Lallier, vergés, 1999).
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Figure 11: Range of isotopic composition according to microbialite type. Results include data
from this study and that of Gomez et al. (in press). Clear isotopic separation is exhibited in
oxygen isotope values between the microbially mediated oncolites from Zone 3C relative to
samples from Zone 3A.
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carbonate precipitation. Values of 8"C,,, range from -22 to -14%o (vs. VPDB; Figs. 10 and 11)

org
and are consistent with isotopic ranges reported for diatoms (-34.4 to -26.6%0) and cyanobacteria
(-32.4 to -5.9%0) from a similarly hypersaline lake, Puyehue Lake, Chile (Campos et al., 1989;
Bertrand et al., 2010). The average carbon isotopic composition of OM retrieved from the
inferred abiotically precipitated sample (LN-13-28) is -26.1%o, which is statistically different
from only one of the samples in this study (-19.4%o, LN-13-5, p < 0.05, n = 4). This data is in
contrast to Gomez et al. (2014), which presents differences in OM carbon isotopes from oncoids
collected from different zones. For instance, samples from within Zone 3A (chemically
precipitated laminar crusts) have an average 613C0rg value of ~-20%o whereas the 613Corg
composition of samples within Zone 3C (oncoids) is heavier, at ~-15%o. Data from Gomez et al.
(2014) from samples collected from Zones 3A, B, and C are interpreted to reflect isotopic
differences related to spatial heterogeneity of abiotic parameters within the lake, such as degree

of evaporation and nutrient availability that play a formative role in biotic activity. The small

sample size of each of these studies may account for inconsistent results.

Preliminary results, however, suggest differential degrees of primary and secondary
productivity across zones. Studies of marine and lacustrine sedimentary deposits have shown that
relative degrees of primary and secondary production can be identified through comparative
examination of paired carbonate carbon and organic carbon isotopes (Gong & Hollander, 1997;
Hollander & Smith, 2001; van Breugel et al., 2005; Guo et al.,2013). The isotopic fractionation

- 8"C,,,) permits the identification of

carb org

between inorganic and organic compositions (AC = §"C

the relative roles that primary and secondary production play in the evolution of DIC. For
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example, heterotrophic or secondary chemoautotrophic bacteria release CO, that can be several
permil depleted with respect to the already isotopically light OM that is used as their carbon
source (Hollander & Smith, 2001). Within oncolite LN-13-28, we speculate that increased
photoautotrophy within isotopically enriched waters contributes to the average AC of ~40%o in
this sample. By contrast, the AC within the microbially mediated samples average 27 to 35%o,
suggesting microbial recycling of isotopically light OM is the dominant control on carbon
isotopic evolution. Identification of the potential degree to which differential biological
constituents affect organic carbon isotopes within microbialites will be enhanced through
ongoing research focused on determining, with greater certainty, the microbial communities and

their behavior within Laguna Negra mats.

Principal Component Analysis

Statistical analysis through multivariate principal component analysis shows that fabric
types (botryoidal, micritic, and isopachous) cannot be visually separated. Any observed variation
between fabric types is explained by PC1, which is strontium concentration, accounting for over
99% of variation (Appendix H). The failure for fabric types to cluster in this PCA suggests that
geochemistry across microfabric types is largely similar and there is no signature diagnostic of

any one fabric type.
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Section 6: Hydrochemical Modeling

In order to fully understand the geochemical behavior of the Laguna Negra system, and
the extent to which environmental dynamics of this closed-basin lake are preserved in Laguna
Negra microbialites, we employed a series of geochemical models. Specifically, we addressed
questions concerning: (1) the extent to which observed lake water composition is consistent with
a simple model of evaporation of surface flow; (2) the potential dependence of microbial
mineralization on lake chemistry; and (3) the degree of environmental change recorded in

Laguna Negra microbialites.

Evaporative concentration

To test whether lake water chemistry is consistent with a simple closed-basin model of
surficial inflow and evaporative concentration, geochemical modeling was conducted with
PHREEQC (Parkhurst et al., 1996). PHREEQC allows the prediction of dissolved chemical
species in response to evaporative concentration on inlet waters. Input parameters for forward
modeling are based upon in situ hydrochemical measurements obtained during a previous field
campaign (cf. Gomez et al., in press; Table 1; Appendix A). Progressive evaporation was
modeled at 25°C, with results showing concentrations of dissolved species, including salinity
indicators, such as concentration of potassium, sodium, and magnesium. Saturation indices with
respect to calcite and aragonite of inlet waters were produced at each step in the calculation.

Most chemical constituents show an asymptotic increase with progressive evaporation, with the
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exception of potassium, which displays linear behavior with an R*value of 1 (Fig. 12).
PHREEQC-modeled concentrations are reported in molality and can be compared to measured
concentrations under the assumption that density is 1 kg/L. Comparison of measured lake waters
to theoretically derived ionic concentrations suggests that lake waters (based on K, Mg, Na, CI
concentrations + 10%) represents 15-25X concentration (or 95% water loss) with respect to inlet
waters (Table 8). In addition, modeled [CO,] from 20X concentrated inlet waters (= 3162 ppm)
are also in agreement with measured lake values (= 3002 ppm) obtained through end-point
titration with sodium hydroxide (cf. Gomez et al., in press; Fig. 12). Notable differences occur,
however, in measured concentrations of [Ca] and [SO,]. Measured Ca concentrations (= 5776
mM) greatly exceed theoretical concentrations modeled by 25X concentration of inlet waters (=
925 mM), supporting a possible secondary source for input of calcium, such as a calcium-rich
groundwater contribution (cf. Risacher, 2003; Gomez et al., in press). By contrast, measured SO,
concentrations (1.4 mM) are substantially lower than theoretical concentrations at 25X
concentration of inlet water (58 mM). Low concentrations of SO, are may indicate the presence
of active BSR within Laguna Negra, which is consistent with the reported presence of Bacillus

spp- (Ordonez, 2009) which can perform dissimilatory sulfate reduction (Caspi et al., 2014).

An independent measure of the degree of evaporation can be modeled by comparison to
measured salinity (Table 9). The conservative nature of chloride within lacustrine systems allows

the concentration of chloride to be a suitable measure of salinity (Wetzel, 1975; Grosjean et al.,
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Figure 12: Ionic constituent concentrations as modeled in PHREEQC along a path of
progressive evaporation of inlet waters of Laguna Negra (code in Appendix A, codes A.l through
A.19). The range of calcite precipitation was obtained through inverse modeling and shows
precipitation occurs primarily in inlet waters concentrated 5 to 15X (code in Appendix A, codes

A.21 through A.25).



Table 8: Summary of modeled and measured concentrations of dissolved species within Laguna

Negra lake waters.

Modeled
Constituent | Measured 10X 15X 20X 25X
Lake Concentrated | Concentrated | Concentrated | Concentrated
Waters Solution Solution Solution Solution
Mass of 1 0.1001 0.06667 0.05001 0.04
water (kg)
Water loss N/A 49.95 51.8 52.7 53.3
(mol)
Water loss
%) N/A 90 93.3 95 96
Ca' mM 5776 369.6 554.9 739.7 924.8
K" mM 204 56.04 84.15 112.2 140.2
SO,” mM 1.414 23.03 34.58 46.1 57.6
Mg" mM 392.8 304.6 457.4 609.7 762.3
CI' mM 8051 3507 5266 7019 8776
Na ' mM 4444 1607 2412 3216 4021
CO; ppm 3002 15488 7943 3162 1479
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Table 9: Modeled and measured salinity of Laguna Negra lake and inlet waters. The
salinity coefficient produced from chlorine representing ~66% of total dissolved
solids, calculated values of salinity are in good agreement (< ~10%) with measured
salinity values.

Lake Waters
Salinity Coefficient = 1.51160
Calculated | Measured
Sample Name Salinity Salinity % Difference
%0
Lake Water Sample 1 324.8 324.8 8.7
Lake Water Sample 2 316.8 316.8 2.2
Lake Water Sample 10 285.6 285.6 4.8
Inlet Waters
Salinity Coefficient = 1.51160
Calculated | Measured
Sample Name Salinity Salinity % Difference
%0
Inlet Water Sample 6 14.3 154 7.2
Inlet Water Sample 7 8.5 9.1 6.4
Inlet Water Sample 8 30.2 274 10.21
Inlet Water Sample 9 20.8 22.1 5.7
Inlet Water Sample 11 315 3164 0.4
Inlet Water Sample 12 58.7 62.8 6.5
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1994). Within both un-evolved inlet waters and lake waters, chloride represents ~66% of total

dissolved solids, and therefore, salinity can be calculated according to:

Salinity (%0) = 1.55160 * CI" (mg/L)/1000 (4) (cf. Thurman et al., 2009)

where 1.55160 is obtained by dividing 1 by the average the proportions of chloride represented
in inlet total dissolved solids. This estimate provides agreement (within ~10%) to measured inlet
waters. Assuming that lake waters of Laguna Negra represent evolved inlet waters that are
concentrated 15 to 20X as suggested by comparing measured and modeled ionic concentrations,

the calculated salinity is again in agreement (within ~10%) to that of measured lake waters.

Carbonate precipitation

Despite elevated ionic concentrations derived from evaporation, carbonate mineralization
is restricted to the southern margin of Laguna Negra. The restriction of carbonate formation to
geographical region defined by a zone of surface recharge led Gomez et al. (2012) to
hypothesize that mixing of lake and inlet waters may be critical to microbial mineralization.
PHREEQC modeling of calcite and aragonite saturation state reveals increases for both calcite
and aragonite through the mixing of inlet and lake waters. Using in situ measurements to define
inlet and lake solutions, the ratio range of mixed solutions with the highest saturation indices of
calcite and aragonite is from 1:1 (50% lake water, 50% inlet water) to 1:4 (20% lake water, 80%

inlet water; Table 10; Fig. 13).



Table 10: Modeled saturation indices of calcite and aragonite at 25°C during mixing of lake and

inlet waters.

Ratio of LW to

W SI Aragonite  SI Calcite pH
100-0 0.23 0.37 5.71
95-5 0.35 0.49 5.837
90-10 0.46 0.6 5.964
85-15 0.57 0.72 6.09
80-20 0.68 0.82 6.213
75-25 0.78 0.93 6.33
70-30 0.88 1.02 6.448
65-35 0.96 1.1 6.556
60-40 1.04 1.18 6.658
55-45 1.1 1.24 6.753
50-50 1.15 1.29 6.841
45-55 1.19 1.33 6.922
40-60 1.22 1.36 6.99
35-65 1.23 1.38 7.073
30-70 1.24 1.38 7.144
25-75 1.23 1.38 7.216
20-80 1.22 1.36 7.289
15-85 1.19 1.34 7.367
10-90 1.17 1.31 7.435
5-95 1.11 1.26 7.56
0-100 1.06 1.21 7.7
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Figure 13: Modeled saturation indices of calcite and aragonite in proportions of mixed
lake and inlet waters of Laguna Negra (cf. Gomez et al., in press). Values reported are
from results modeled in PHREEQC at 25°C (Appendix A, code A.21 through A.25).
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To better constrain the composition of the host water from which Laguna Negra
microbialites precipitate, inverse modeling was conducted in PHREEQC to determine mineral
precipitation along a flow path from a starting solution to an ending solution. For this modeling,
it is assumed that the combined effects of evaporation, evaporite precipitation, and carbon
dioxide degassing fully account for variation of all major ion concentrations within the fluid and

that both starting and ending solutions are in equilibrium with atmospheric CO,.

We conducted two end-member inverse models. The first explored mineral precipitation
resulting from mixing of inlet and evolved lake waters. The mixed fluid compositions were
obtained with PHREEQC mixing models using in sifu data (Table 1) and were shown to
correspond to the mixed fluid compositions with the highest modeled saturation indices for both
calcite and aragonite (see Fig. 13). The second inverse model addressed mineral precipitation
during evaporation of inlet waters by measured inlet water compositions. In both cases, calcite is
produced by the model and shows that calcite is only produced within a range of concentration
factors between 5 and 15X (Table 11). These results emphasize the critical role that saturation
state plays in microbial mineralization and suggests that fresh water mixing is critical to the

mineralization process.

Unfortunately, PHREEQC modeling is unable to directly define the potential role of
microbial metabolisms in driving the mineralization process. It should be noted that the obvious
presence of primary (i.e. visible sediment-binding microbial mats) and secondary (i.e. sulfurous

odor emanating from muds) productivity is also restricted to this mixing zone. It is well known
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Table 11: The modeled amounts of calcite precipitated as a result of inverse modeling of non-evolved
inlet waters as the beginning solution and varying degrees of mixed water and concentrated inlet water
as ending solutions. Results for calcite precipitation with inverse modeling of mixed fluids and
evaporated fluids contains 25% and 10% uncertainty in PHREEQC, respectively. Code contained in
Appendix A (A.21 through A.25).

Beginning Ending Ci.llc.lte
. . precipitated
solution solution
(moles)
Inlet water 50:50 0.0020008
Inlet water 45:55 0.001762
é\ Inlet water 40:60 0.001528
2
o0 D
==
=T Inlet water 35:65 0.001293
= 2
2
(]
I Inlet water 30:70 0.001099
Inlet water 25:75 0.0008876
Inlet water 20:80 0.0006898
Inlet water 5X 0.0006811
o S
> .2
EE
s E Inlet water 10X 0.001595
23
Inlet water 15X 0.001302
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that the metabolic effects of microorganisms can to some degree influence the lithification of the
microbial mat system. For instance, photosynthetic drawdown of CO, associated with
cyanobacteria and other photoautotrophs (diatoms) has been shown to result in net carbonate

precipitation according to:

2HCO” + Ca** = [CH,0]+ CaCO; + O,  (5) (Dupraz et al., 2004)

wherein increases in microenvironmental pH result in elevated carbonate ion activities.
Additionally, heterotrophic oxidation of organic exudates (such as EPS) of photoautotrophs
provides ions that may be used in crystal growth. For example, during sulfate reduction, changes
in microenvironmental alkalinity combined with OM degradation may result in net carbonate

precipitation according to:

2[CH,0] + SO,” + Ca’* > CaCO, + CO,+ H,0 +H,S (6) (Dupraz et al., 2004)

Although models have shown that in saline environments, sulfate reduction is not
effective in carbonate production (Meister, 2013), the extent to which microbial metabolisms
facilitate lithification of Laguna Negra mats is still unconstrained and we hypothesize that future
work focused on biomarker identification will support the idea that mineralization reflects some

degree of biogeochemical influence.
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Isotope modeling

PHREEQC modeling (see above) suggests that changes in saturation state associated with
fresh water influx and evaporation play a primary role in carbonate formation within Laguna
Negra. In order to identify the extent to which fluctuating water balance is recorded in Laguna
Negra microbialites, we examined the isotopic records preserved within Laguna Negra
microbialites. Although more complicated models for hydrological balance can be found in the
literature, these require the definition of parameters that are not yet constrained for the Laguna
Negra lacustrine system. For example, rates of evaporation and hydrological change have been
modeled for Lake Titicaca (Cross, 2002) through the combined use of isotope records with
empirically-based models using parameters such as mass of flux of input waters and saturation
vapor pressure. Here, we address primary effects of lake recharge and evaporation with two
isotopic models: First, modeling of net recharge and expansion through analysis of the degree of
covariance of carbon and oxygen isotopes within carbonate phases allows first order
approximation of times of fresh water influx and prolonged evaporation. Second, the ratio of
precipitation to evaporation can be estimated through the use of published oxygen isotope

models related to regional climate and isotope geochemistry characteristic of the basin.

Modeling episodes of basin contraction and expansion through isotopic proxy data
requires understanding of the fractionation processes responsible for isotopic signals as well as
sensitivity to defined parameters. Within lacustrine sediments, the 8'*O of carbonate phases

relate directly to the host waters in which they formed. This relation can be expressed as:
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618Owater = [(1000+ 6l8()carbonatf:)/acarbonale-watf:r] — 1000 (7) (Friedman & O’Neﬂ’ 1977)

The isotopic fractionation between water and calcite (o ) is dependent upon both

carbonate-water
mineralogy and temperature of formation. In order to derive the oxygen isotope composition of
host waters, the following empirically based equations specific to mineralogy were used:

10001n0L 0 e = (2.78 * 107T2)-2.89  (8) (Friedman & ONeil, 1977)

1000100ty goniewaer = 17.88 * (1000/T) - 31.14 (9) (Kim et al., 2007)

where T is the temperature in Kelvin.

In our initial modeling, we assume that evaporation is the principle control on preserved
oxygen isotope composition, rather than temperature. In order to account for extreme daily and
seasonal temperature fluctuations experienced by Laguna Negra (cf. Scwalb, 1999) isotopic
values were modeled across a range of temperatures from 5°C to 45°C. PHREEQC modeling of

saturation indices shows that calcite remains supersaturated throughout this temperature range.

Within oncolites LN-13-1 and LN-13-5, which exhibit moderate covariation (R*> = 0.63
and 0.54, respectively), there is an overall 3-5%o variation in 8'*O_,,, and ~7%o variation in

8"C,,- Oncolite LN-13-13 shows the highest degree of covariance, but is more variable in its
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time-wise trend and presents an overall difference of 5%o and 10%o in 8"%0 and &"C values,
respectively. In order to test if these substantial changes in isotopic composition can be explained
with degassing during evaporation, Rayleigh fractionation was modeled within waters with a

starting composition of -10 (Risacher, 2003) according to:

R/R,=f"" (10) (Faure, 1986)

where R is the final isotopic ratio (['*O]/['°O] or [°C]/['*C]), R, is the original isotopic ratio prior
to evaporation, f'is the fraction of the original volume of water remaining, and « is the
temperature-dependent fractionation factor during phase transition. Since the Argentinian
Altiplano is subjected to both seasonal and daily extremes, fractionation factors from a
temperature range of 0 to 20 °C were modeled, revealing an 8 permil difference between oxygen

isotopic compositions of water at 0°C (+38%o) and 20°C (+30%0¢) when f=0.01.

Within a body of water subjected to strong evaporation, oxygen isotopic enrichment with
respect to the heavier isotope is expected (Craig & Gordon, 1965). Such fractionation results
from the relative ease with which the isotopically lighter isotope enters the vapor phase, thereby
driving the isotopic composition of the water reservoir to be heavier. Rayleigh modeling of
oxygen isotopes within vapor and liquid along a path of forward evaporation can be found in Fig.
14. In this model, we used o = 1.0102 at 10°C (Dansgaard, 1964). Response to Rayleigh

fractionation associated with evaporation suggests significant isotope enrichment, from -10 to



Figure 14: The response of the oxygen isotopic composition of water according to a Rayleigh
fractionation model along a forward flowpath of evaporation from a starting 6'°0 of -10
(Risacher, 2003). o = 1.0102 (Dansgaard, 1964).
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35.2%o. This appreciable shift in 8'*O composition suggests that significant isotopic evolution

within the waters of Laguna Negra can likely be attributed Rayleigh distillation.

In addition to oxygen isotopes, the application of Rayleigh fractionation to carbon
isotopes is consistent with evaporation playing a key role in isotopic evolution. Rayleigh
modeling of DIC with a starting composition +2, which is in isotopic equilibrium with
atmospheric CO, (Valero-Garcés et al., 1999), shows that isotopic enrichment as high as
+18%o in 20% residual water (Fig. 15). The isotopically enriched values within the chemically
precipitated sample of this study (from +8 to +18%o) are consistent with Rayleigh fractionation
associated with degassing and removal of >80% of initial water volume. By contrast, when
observed within the context of Rayleigh distillation, isotopically depleted values measured
from microbially mediated samples (avg. ~+9 to +10) correspond to the removal 50 to 65% of
initial water volume. These results are inconsistent with PHREEQC modeling, which suggest
that calcite precipitation is only achieved after 80 to 93% water is removed. PHREEQC
modeling, however, does not take into account potential biological influence during
geochemical evolution. Such disparity between models therefore supports a fundamental role
for biology in precipitation of oncolites that are inferred to be microbially mediated. In this
scenario, calcium carbonate precipitation within “microbially mediated” oncolites within
Laguna Negra without extensive evaporation may reflect locally variable DIC, potentially
driven by the introduction of isotopically light DIC into the reservoir during biological

remineralization. Such an interpretation of differential influences of biology on carbon



Figure 15: The response of the isotopic composition of dissolved inorganic carbon according to
a Rayleigh fractionation model along a forward flowpath of evaporation from a starting 6”°C of
+2 (Valero-Garcés et al., 1999). a = 1.01017(Emrich et at., 1970).
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isotopic evolution is consistent with TOC data. Unlike the microbially mediated samples of
this study, the chemically precipitated sample contains virtually no OM and has measured
oxygen and carbon isotope values that are strikingly consistent with isotopic evolution via

Rayleigh distillation.

The results of our modeling serve only as an approximation of the degree to which
Rayleigh distillation may be responsible for isotopic signatures. Some of the underlying
assumptions of a Rayleigh model of isotopic evolution, such as thermodynamic equilibrium
between isotopic reservoirs with unchanging boundary conditions and a constant fractionation
factor, may not be applicable throughout microbialite growth, and therefore, this modeling is
only an approximation of the influence of Rayleigh processes on isotopic signals (see Gat,

1996 for discussion).

For more detailed modeling of hydrological balance as a function of precipitation to
evaporation ratios within the basin, measured oxygen isotopes were used in concert with
published models. The isotopic value of formation waters can be derived through modeling of
steady state conditions according to isotopic buildup typical of lacustrine systems (Gat, 1996).

Under hydrological steady state, the oxygen isotopic buildup within a lake is expressed as:

Aé = 6lakf:,steady state 6in = (64 - 6in + z/h)/{l + [(Fm/E) * (1 - h)/h)]}

(12) (Gat, 1996)
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where §,,. is the oxygen isotopic composition of the lake, , is 8O of atmosphere, &, is 'O of
inlet waters, 2 is the evaporative enrichment factor, 4 is relative humidity, and F, /E is the water
balance expressed as the ratio of input to evaporation and is equal to P/E (Gat, 1995). The water
balance of the lake during lamina deposition can then be derived with recorded oxygen isotope

values from the lake assuming:

1. 0, is in isotopic equilibrium with regional precipitation and inflow, 0, = 9,, — Z.

2. 0,, is equal to the reported value for input waters from Andean lakes above 4,000 m a.s.l.
(-10%0 vs. SMOW), as suggested by lighter than expected oxygen isotope values recorded within
carbonate (Fritz ef al., 1981).

3. Kinetic fractionation is the driver of isotope enrichment.

4. a

= 1.0029 (Faure, 1986). o, = 1.035 (Friedman & O’Neil, 1977). = =

carb-vapor calcite-water

1000Ina
5. Relative humidity () is 0.155 (Boschetti et al., 2007).

6. Temperature is 25°C.

Observed oxygen isotopes were examined against modeled oxygen isotopes that were produced
with equation 26 along P/E ratios from 0.1 to 1 along increments of 0.01. Model sensitivity was
tested for individual parameters that required definition. Both humidity and oxygen isotopic
composition of inlet waters play important roles in modeled P/E values. The values of input
waters (9,,) and relative humidity (k) were selected from the published values within the region.

0,, was chosen from the reported value for input waters from Andean lakes above 4,000 a.s.1 ( -



77

10%0 SMOW; Risacher, 2003) and /# was chosen as the average reported relative humidity

between 27° and 28°S (Boschetti et al., 2007).

Isotope modeling results

Modeling revealed clear isotopic differences in lake waters between zones. Modeled values from
Zone 3A (avg. = 6.8%0 vs. SMOW) are consistent with values reported for other saline lakes in
the region (from 4.3 to 7.3%o; Valero-Garcés et al., 2001), while the average modeled values of
Oy from within Zone 3C is much lighter, with average values equal to 2.7%o. Fig. 16 shows the
theoretical trend of oxygen isotope response to change in the P/E ratio. By using equation 21 in
concert with the aforementioned assumptions, time-wise P/E ratios were obtained. Although
isotopic shifts are variable across microbialites, the data across most samples show an overall
progression toward a higher water balance ratio, the result of which is either increased
precipitation meltwater input or decreased rates of evaporation. The overall change in modeled
P/E ratio is similar across samples (~0.04), with the exception of LN-13-1, which is calculated to
reflect a change in P/E of 0.14 (Fig. 17). Surprisingly, even the chemically precipitated sample
(Zone 3A) records the same degree of evaporation and basin contraction as recorded in samples
from Zone 3C. Despite high frequency fluctuations that may reflect spatial differences, if we
assume that the geochemical signatures within each sample is recording the same general time
period, consistency in modeled P/E ratios suggests that the overall signature of basin dynamics is
preserved within microbialites regardless of signal variability that is dependent upon geographic

position within the lake.



Figure 16: Modeled oxygen isotopes of calcite with increase precipitation to evaporation ratios.
Light isotope enrichment displays exponential decay with decreased ratios according to the
oxygen isotope buildup model from Gat (1996).
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Figure 17: Observed oxygen isotopes within three microbialites. Modeling results show that a shift from the heaviest observed oxygen
isotope value (3.58 %o) to the lightest observed isotope value (-2.04 %c), represents a change in P/E from ~0 to ~ 0.16.
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Section 7: Discussion

If the microbialites of Laguna Negra represent time-series evolution of the basin from
around 2,000 years ago, records of changes in effective moisture should be evident within
successive laminae. Indeed, analyses of salinity proxies ([Mg] and [Sr]) (Fig. 9), coupled with
models of effective moisture (see above), suggest that a systematic increase in the contribution of
brackish input water is apparent throughout microbialite growth. Although high frequency
changes are seen across laminae, from the center of the microbialite outward, there is an overall
general trend of lightening of both 8"C (Fig. 6) and 8"*O (Fig. 7), indicating basin-wide recharge

preserved during microbialite growth and mineralization.

Data from Laguna Negra therefore suggests time-wise increases in effective moisture,
which is consistent with regional lake records (Garcés et al., 1995; Grosjean et al., 1997,
Schwalb et al., 1999). Isotope modeling of Rayleigh distillation supports the idea that the
primary control on isotopic evolution may be evaporation, with mixing and biological
metabolisms playing critical roles in calcite precipitation. Despite heavy carbon isotope
enrichment similar to other lakes in the region (up to +18.2%o, this study), the degree of isotopic
covariance commonly observed in lakes in the Altiplano is not seen in Laguna Negra. Weaker
covariance appears to result from variability of local signals produced by relative spatial position

within the lake and potential overprinting of abiotic signals by microbial activity.
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Lacustrine systems have the potential to record distinctive biochemical signals that are
imparted by primary production and microbial reworking of OM. Variability in recovered C/N
ratios of sedimentary OM within Laguna Negra microbialites suggests that differential biological
overprinting during biologically-mediated precipitation has likely occurred. For example,
elevated C/N ratios above the published range for lake algae and plankton (6 to 10; Meyers &
Teranes, 2001) suggests decomposition and remineralization of particulate and dissolved organic
matter. In addition, low measured sulfate concentrations suggest the presence of microbial
metabolisms, namely sulfate reducers, with the potential to influence inorganic geochemical

signals.

Evidence of biological influence is also potentially recorded in organic carbon isotopes.

The sedimentary 8"°C,,, of bulk organic carbon, or TOC, is a function of several interconnected

org
factors, such as heterotrophic degradation of DOM, primary production, allochthonous sources,
trophic level, and the isotopic composition and concentrations of DIC (Hayes et al., 1989; Hinga
K.R., 1994; Hayes et al., 1999; Kienast M., 2001; Cramer & Saltzman, 2007). Characteristic
613C0rg ranges result from the isotopic discrimination exhibited in different photosynthetic
pathways. For example, the C, biochemical pathway used in cyanobacterial and diatom
photosynthesis selectively incorporates the lighter isotope of carbon into biomass with a
discrimination of about 20%o (O'Leary, 1988; Farquhar et al., 1989; Roberts et al., 2007),
resulting in organic carbon isotopes in the range of -25 to -30%o vs. VPDB (Meyers & Teranes,

2001). Although carbon isotope fractionation between organic and inorganic carbon within

Laguna Negra sedimentary OM is consistent with the fractionation factor associated with
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photosynthesis (& = average between 29 and 40 %o, this work), 8"°C,,, may reflect microbial

org
reworking of OM, with heavy 613C0rg values coinciding with times of stimulated primary
productivity that effectively deplete the DIC reservoir of the preferred carbon isotope, '*C

(Hollander & McKenzie, 1991) and negative 613Cmg shifts arising from DIC mineralized from

isotopically light OM by secondary producers (van Breugel et al., 2005).

In addition to the clear evidence of heterotrophic activity from organic isotopes (e.g.
d"C,,, as low as -26.9%o), interestingly, biological influence is also potentially recorded in

org

8"C,,,, with layers of abundant micrite relative to cement phases (microspar and botryoids)
containing the lightest values of 8"°C_,,. The extent to which biology overprints Rayleigh
fractionation 8"C,,, signatures is seen most clearly in the geochemistry of microbially-mediated

samples, which show depleted values relative to the chemically precipitated sample.

With respect to Laguna Negra, enhanced productivity is inferred from heavy organic
carbon isotope signatures. While it is difficult to assess the relative degrees of productivity
between the chemical zones from our data set, when placed into the framework of previous
organic carbon isotope analysis (Gomez et al., 2014), trends become clearer (Fig. 11). Heavier

isotopic values of 8"°C,,, within Zone 3C reflects higher amounts of primary productivity relative

org

to Zone 3B, which contains no visible microbial mats. As suggested by 613C0rg values, the
physiochemical heterogeneity across the zones of Laguna Negra cause differences in either the

role that biological communities play with respect to biogeochemical processes, or differences in

the communities themselves. While work is currently ongoing to fully characterize the
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microbiological consortia and distribution throughout the lake, fundamental differences in "C

org

lend to interpretations of localized differences in OM sources.

Comparison to regional records

Ongoing efforts to reconstruct past climate conditions of the Andean Altiplano have
focused on changes in regional paleohydrology since the Late Glacial — Holocene transition
(~19,000 BP), when abrupt moisture changes first became evident. Sedimentological analysis of
paleodata from this time coupled with water budget models has allowed the identification of
humid phases across the Altiplano occurring exclusively above 3500 m a.s.1 (Grosjean, 1994).
These phases, which have been attributed to intensification of easterly monsoonal sources within
the subtropical zone (Garleff et al., 1993), resulted in lake level high stands within closed-basin
saline lakes, such as Laguna Lejia, Chile (Grosjean, 1994; 23°30°S, 67°42’W). Lake records
show that it was established during a period characterized by a wetter climate (Bobst ef al., 2001)

~15,000 — 14,000 yr BP, and that a humid phase persisted from 13,500 to 11,300 yr BP.

A dramatic shift in moisture changes is seen with the onset of arid conditions during the
Mid Holocene. This step-wise change in effective moisture has been identified within Laguna
Lejia as well as additional mineralogical and authigenic carbonate geochemical proxy data from
Laguna Miscanti, Chile (23°44°S, 67°46’W). The most arid phase in the Altiplano has been
interpreted to have occurred from ~8,000 to 4,000 yr BP (Valero-Garcés et al., 1996), with

current arid conditions likely being established before 8500 yr BP based upon archeological and
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sediment records (Grosjean, 1994; Grosjean & Nifiez, 1994). Climate proxies now reveal
increasing effective moisture during the Late Holocene (4,000 — 3,000 yr BP) within the tropical
and temperate regions of South America, with a systematic shift toward higher lake levels. For
example, the El Peinado basin within Northwestern Argentina experienced increases lake levels
during the Late Holocene (Valero-Garcés et al., 2000) and reconstruction of paleohydrological
evolution is concordant with other multi-proxy regional records, including those from Southern
Argentina (Stine, 1994), the Chilean Altiplano (Grosjean et al., 1997), Lake Titicaca (Mourguiart
et al., 1992), the Pampa (Quattrocchio et al., 2008), and the arid Andes across 29°S (Grosjean et
al., 1998). Currently, increased humidity within the region has been identified as two separate
episodes (3,000 — 2,600 years BP and 2,200 — 1,800 years BP), which are characterized by
relative humidity 15 to 20% above present levels (Boschetti, 2007). Such increased effective
moisture has been attributed to strengthened extratropical winter precipitation and sources of
Pacific moisture along 18°S to 27°S (Grosjean et al., 1997). A southern shift of tropical moisture
during the Late Holocene as suggested by Garleff ez al. (1993) and others (Grosjean et al., 1997)
would have had a great impact on lacustrine hydrodynamics within the southern Altiplano, such
as Laguna Negra, manifesting in higher lake levels and decreased salinity. Such a trend of
regional increased effected moisture is consistent with Laguna Negra paleohydrological
dynamics as reconstructed through observed and modeled results. Agreement between proxy
data recovered from mineralized microbialites of Laguna Negra and regional records suggests
that, despite the potential microbial overprinting and local effects, these deposits faithfully record

general climate signals within their geochemical archives.
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Section 8: Conclusion

In order to elucidate the nature and degree to which environmental fluctuations are
recorded in paleodata of Laguna Negra microbialites, time-series examination of geochemical
signatures within successive laminae were conducted. Multi-proxy analysis, including
mineralogical, organic and inorganic geochemistry demonstrated unambiguous comprehensive
trends of increase contribution from input waters or decreased evaporation within Laguna Negra
throughout the Late Holocene. Geochemical modeling allowed time-wise reconstruction of
phases of basin contraction and expansion as recorded through isotopic markers, the results of
which were mostly in accordance with elemental data. Discrepancies in evaporation and salinity
proxies (8'*0 and [Sr], respectively) are likely the result of discontinuous carbonate precipitation
along the entire path of hydrological evolution, wherein trace metal incorporation in carbonate is
only recording a small snapshot of water evolution during precipitation. PHREEQC geochemical
modeling suggests that precipitation occurs only when inlet water is concentrated within the
range of 5 to 15X. In addition, differential results from recoverable OM proxies within Laguna
Negra microbialites suggest that microbial recycling is a critical parameter in sedimentary OM
signatures. Microfabric analysis combined with bulk organic geochemistry shows that micritic
microfabrics, and to a lesser degree, botryoidal fabrics, are associated with abundant microbial
activity as interpreted through OM isotopes and C/N ratios. Spatial variability in geochemistry is
also evident between samples from separate zones, indicating local influences on geochemistry
that can be identified through inorganic geochemical proxies, and to a smaller extent, organic

proxies as well.
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Geochemical modeling in this work was, in part, conducted through the free USGS
software program for speciation, batch-reaction, and inverse geochemical calculations called
PHREEQC-Interactive (Parkhurst and Appelo, 1999). The reader can find more detailed
information about modeling capabilities, databases, and iterative methods within the third

version of the manual online at http://pubs.usgs.gov/tm/06/a43/pdf/tm6-A43.pdf.

Forward evaporative modeling

Since carbonate formation accompanies evaporative evolution of lake waters, we wanted
to model ionic concentration of dissolved constituents resulting from the removal of water from
the hydrochemical system. In PHREEQC-I, evaporation was modeled in inlet water evolution
through the removal of an irreversible reactant with a negative reaction coefficient. Forward
modeling reactions are accomplished by inputing the amount of moles of water to be removed
from the initial inlet waters to form a new solution defined by a desired concentration factor. For
example, the concentration of inlet waters by a factor of 10 requires the removal of 49.95 moles

of water, or 90% of water, leaving only 0.1 kg of water.

In the code below, anything following “#” is not read by the program and instead serves

as annotations for clarity.

A. 1 TITLE Evaporation of inlet water 10X
SOLUTION 1 Inlet water average values # these values come from in sifu measurements

of inflow waters of Laguna Negra
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Units mg/L
pH 7.7

pe 4 # electron activity; value is default in program
temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173
-water 1

REACTION 1

H20  -1.0 #coefficient multiplied to amount of moles h20 added
49.95 moles #since 1kg water contains ~ 55.5 moles, removal of 90% water, or
concentration factor of 10, calls for 49.95 moles h20 removed. (55.5%0.9)
SAVE solution 2

END



A.2 TITLE Evaporation of inlet water 15X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4
temp 25.0
Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173
-water 1
REACTION 1

H20 -1.0

51.8056 moles

SAVE solution 2

END
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A.3 TITLE Evaporation of inlet water 20X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4
temp 25.0
Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 12212.5
C 273.54
S 2173
-water 1
REACTION 1

H20 -1.0

52.73 moles
SAVE solution 2
END

TITLE Example 4b.--Factor of 20 more solution
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MIX

2 20.
SAVE solution 3
END

A. 4 TITLE Evaporation of inlet water 25X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173

-water 1
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REACTION 1
H20 -1.0
53.28576 moles
SAVE solution 2

END

A.5 TITLE Evaporation of inlet water 30X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173

-water 1
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REACTION 1
H20 -1.0
53.6558 moles
SAVE solution 2

END

A.6 TITLE Evaporation of inlet water 35X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173

-water 1
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REACTION 1
H20 -1.0
53.92011429 moles
SAVE solution 2

END

A.7 TITLE Evaporation of inlet water 40X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173

-water 1



REACTION 1
H20 -1.0
54.11835 moles
SAVE solution 2

END

A.8 TITLE Evaporation of inlet water 45X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54

S 2173
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-water 1
REACTION 1
H20 -1.0

54.2725333 moles

SAVE solution 2

END

A.9 TITLE Evaporation of inlet water 50X

SOLUTION 1 Inlet water average values

Units

pH

pe

temp 25.0
Ca

Mg

Na

K

Cl

mg/L
7.7

4

1455
727.5
3628.25
215.25
122125

273.54
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S 2173
-water 1
REACTION 1

H20 -1.0

54.39588 moles
SAVE solution 2

END

A.10 TITLE Evaporation of inlet water 55X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25

Cl 122125



C 273.54
S 2173
-water 1
REACTION 1

H20 -1.0

54.4968 moles

SAVE solution 2

END

A.11 TITLE Evaporation of inlet water 60X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7

pe 4

temp 25.0

Ca 1455
Mg 727.5
Na 3628.25

K 215.25
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Cl 12212.5
C 273.54
S 217.3
-water 1
REACTION 1
H20 -1.0

54.5809 moles

SAVE solution 2

END

A. 12 TITLE Evaporation of inlet water 65X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4
temp 25.0

Ca 1455
Mg 727.5

Na 3628.25
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K 215.25
Cl 12212.5
C 273.54
S 217.3
-water 1
REACTION 1
H20 -1.0

54.65206154 moles
SAVE solution 2

END

A. 13 TITLE Evaporation of inlet water 70X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4
temp 25.0

Ca 1455

Mg 727.5
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Na 3628.25
K 215.25
Cl 12212.5
C 273.54
S 217.3

-water 1
REACTION 1

H20 -1.0

54.71305714 moles

SAVE solution 2

END

A. 14 TITLE Evaporation of inlet water 75X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4
temp 25.0

Ca 1455

Mg 727.5
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Na 3628.25
K 215.25
Cl 12212.5
C 273.54
S 217.3

-water 1
REACTION 1

H20 -1.0

54.76592 moles
SAVE solution 2

END

A.15 TITLE Evaporation of inlet water 80X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4
temp 25.0

Ca 1455



Mg 727.5
Na 3628.25
K 215.25
Cl 12212.5
C 273.54
S 2173
-water 1
REACTION 1

H20 -1.0

54812175 moles
SAVE solution 2

END

A.16 TITLE Evaporation of inlet water 85X

SOLUTION 1 Inlet water average values

Units mg/L
pH 7.7
pe 4

temp 25.0
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Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 12212.5
C 273.54
S 2173
-water 1

REACTION 1

H20 -1.0

54 .85298824 moles
SAVE solution 2

END

A.17 TITLE Evaporation of inlet water 90X
SOLUTION 1 Inlet water average values
Units mg/L

pH 7.7

pe 4
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temp 25.0

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173

-water 1
REACTION 1

H20 -1.0

54.88926667 moles
SAVE solution 2

END

A. 18 TITLE Evaporation of inlet water 95X
SOLUTION 1 Inlet water average values
Units mg/L

pH 7.7



117

pe 4
temp 25.0
Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173
-water 1

REACTION 1

H20 -1.0

5492172632 moles
SAVE solution 2

END

A.19 TITLE Evaporation of inlet water 100X

SOLUTION 1 Inlet water average values

Units mg/L



pH 7.7
pe 4
temp 25.0
Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125
C 273.54
S 2173
-water 1
REACTION 1

H20 -1.0

5495094 moles

SAVE solution 2

END
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Mixing

Within the mixing zone of Laguna Negra, large degrees of spatial variability in
hydrochemistry have been measured (Gomez et al., in press). Modeled saturation indices and
chemical constituents are given with various mixing proportions according to the input codes
below, which have solution 1 and 2 defined by measured values of Laguna Negra Lake and Inlet

waters, respectively.

A.20 Title Laguna Negra Mixing

Solution 1 Lake water

Units mg/L

pH 5.71

Ca 161933
Mg 6680

Na 71468.3
K 5579.33
Cl 199666.6

Alkalinity 833.3 as HCO3

S 95

END
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Title Laguna Negra Mixing

Solution 2 Inlet water

Units mg/L
pH 7.7

Ca 1455
Mg 727.5
Na 3628.25
K 215.25
Cl 122125

Alkalinity 270 as HCO3

S 2173

END

Title Mixing 95% Lake water, 5% Inlet water
Mix 1 # this tells the program to mix 95% of solution 1 (lake water) with 5% of solution
2 (inlet waters)
1 0.95
2 0.05
SAVE solution 3 # the program saves the mixture as a new solution if the user decides to
do iterative equilibrium modeling within the same run

END



Title Mixing 90% Lake water, 10% Inlet water

Mix 1
1 09
2 0.1
SAVE solution 4
END

Title Mixing 85% Lake water, 15% Inlet water

Mix 1
1 0.85
2 0.15
SAVE solution 5
END

Title Mixing 80% Lake water, 20% Inlet water

Mix 1
1 0.8
2 0.2
SAVE solution 6

END
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Title Mixing 75% Lake water, 25% Inlet water

Mix 1
1 0.75
2 0.25
SAVE solution 7
END

Title Mixing 70% Lake water, 30% Inlet water

Mix 1
1 0.7
2 03
SAVE solution 8
END

Title Mixing 65% Lake water, 35% Inlet water

Mix 1
1 0.65
2 0.35
SAVE solution 9
END

Title Mixing 60% Lake water, 40% Inlet water
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Mix 1
1 0.6
2 04
SAVE solution 10

END

Title Mixing 55% Lake water, 45% Inlet water
Mix 1

1 0.55

2 0.45
SAVE solution 11

END

Title Mixing 50% Lake water, 50% Inlet water
Mix 1

1 0.5

2 0.5
SAVE solution 12

END

Title Mixing 45% Lake water, 55% Inlet water

Mix 1
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1 045
2 0.55
SAVE solution 13

END

Title Mixing 40% Lake water, 60% Inlet water
Mix 1

1 04

2 0.6
SAVE solution 14

END

Title Mixing 35% Lake water, 65% Inlet water
Mix 1

1 0.35

2 0.65
SAVE solution 15

END

Title Mixing 30% Lake water, 70% Inlet water

Mix 1
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2 0.7
SAVE solution 16

END

Title Mixing 25% Lake water, 75% Inlet water
Mix 1

1 0.25

2 0.75
SAVE solution 17

END

Title Mixing 20% Lake water, 80% Inlet water
Mix 1

1 0.2

2 0.8
SAVE solution 18

END

Title Mixing 15% Lake water, 85% Inlet water
Mix 1
1 0.15

2 0.85
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SAVE solution 19

END

Title Mixing 10% Lake water, 90% Inlet water

Mix 1
1 0.1
2 0.8
SAVE solution 20
END

Title Mixing 5% Lake water, 95% Inlet water

Mix 1
1 0.05
2 0.95
SAVE solution 21

END
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Inverse modeling

Calculations of inverse modeling can be used to identify the various geochemical
reactions that occur along a flow path of water composition. In this type of model, two solutions
are defined with chemical compositions and mole-balances, or a set of mole transfers of
reactants, are produced that should account for the chemical changes that occur in the evolution
of solution 1 to solution 2. The inverse modeling for this work was conducted on inlet water,
which is assumed to have experienced no evaporation and/or mixing (Table 1), and chemical
definitions of evaporated water at various concentrations. Models were no longer produced in
PHREEQC along flow paths from fresh inlet waters to waters concentrated past 30X. In the
following codes, all chemical species definitions and density were provided by PHREEQC in
distribution of species and are equivalent to measured ppm values. Uncertainty values were

chosen by trial and error to produce at least one model.

A.21 TITLE Inverse modeling of 5X concentrated water evolution from inlet water

SOLUTION 1 Inlet water

Units mol/kgs #moles / kilogram solution

pH 7.7 #measured pH
density 1.0165
Ca 0.037

Mg 0.03049
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Na 0.1608

K 0.00561
Cl 0.351

S 0.002305

C1CO2(g) -3.65 #logPCO?2 at 4.1 km elevation

SOLUTION 2 5X concentrated inlet water
units mol/kgs

density 1.06136

pH  7.397

Ca 0.185

K 0.028065
Mg  0.1525
Cl 1.755

S 0.001153
Na  0.8042

C1CO2(g)-3.65
INVERSE_MODELING
-solution 1 2
-uncertainties 0.1 #uncertainty in flow path models produced in evolution from
solution 1 to solution 2

-range
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-balances
K
Mg
-phases #phases to be the potential reactants during flow path
H20(g) pre
Calcite pre
CO2(g) pre
Halite pre

Gypsum pre

END

A.22 TITLE Inverse modeling of 10X concentrated water evolution from inlet water

SOLUTION 1 Inlet water

Units mol/kgs
pH 7.7
density 1.0165
Ca 0.037

Mg 0.03049



Na 0.1608

K 0.00561
Cl 0.351

S 0.002305

C1CO2(g)-3.65

SOLUTION 2 10X concentrated inlet water

units  mol/kgs

density 1.11862
pH 6.922
Ca 0.3696
K 0.05604
Mg 0.3046
Cl 3.507

S 0.02303
Na 1.607

C1CO2(g) -3.65

INVERSE_MODELING
-solution 1 2
-uncertainties 0.25
-range

-balances
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Mg

-phases
H20(g) pre
Calcite pre
CO2(g) pre
Halite pre

Gypsum pre

END

A.23 TITLE Inverse modeling of 15X concentrated water evolution from inlet water

SOLUTION 1 Inlet water

Units mol/kgs

pH 7.7
density 1.0165
Ca 0.037
Mg 0.03049
Na 0.1608
K 0.00561

Cl 0.351
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S 0.002305

C1CO2(g)-3.65

SOLUTION 2 15X concentrated inlet water

units mol/kgs

density 1.17046
pH 7.359
Ca 0.5549
K 0.08415
Mg 04574
Cl 5.266

S 0.03458
Na 2412

C1CO2(g)-3.65
INVERSE_MODELING
-solution 1 2
-uncertainties 0.1
-range
-balances
K
Mg

-phases



END

A. 24 TITLE Inverse modeling of 20X concentrated water evolution from inlet water

H20(g) pre
Calcite pre
CO2(g) pre
Halite pre

Gypsum pre

SOLUTION 1 Inlet water

Units
pH
density
Ca

Mg
Na

K

Cl

S

mol/kgs
7.7
1.0165
0.037
0.03049
0.1608
0.00561
0.351

0.002305

C1CO2(g)-3.65
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SOLUTION 2 20X concentrated inlet water

units mol/kgs

density 1.21711
pH  7.469

Ca 0.09134

K 0.1122

Mg  0.6097

Cl 7.019

S 0.04609

Na 3.216

C1CO2(g)-3.65
INVERSE_MODELING
-solution 1 2
-uncertainties 0.25
-range
-balances
K
Mg
-phases
H20(g) pre

Calcite pre
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CO2(g) pre
Halite pre

Gypsum pre

END

A. 25 TITLE Inverse modeling of 30X concentrated water evolution from inlet water

SOLUTION 1 Inlet water

Units mol/kgs
pH 7.7
density 1.0165
Ca 0.037
Mg 0.03049
Na 0.1608

K 0.00561
Cl 0.351

S 0.002305

C1CO2(g)-3.65

SOLUTION 2 30X concentrated inlet water
units mol/kgs

density 1.29726



Ca
K
Mg
Cl
S

Na

7.364

0.1683

0.1683

0.9148

10.53

0.06915

4.825

C1CO2(g) -3.65

INVERSE_MODELING

END

-solution 1 2

-uncertainties 0.25

-range

-balances

K

Mg

-phases
H20(g) pre
Calcite pre
CO2(g) pre
Halite pre

Gypsum pre
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Appendix B: Supplemental Field and Sample Photos
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Figure 18: The southern margin of Laguna Negra where microbialites are found.
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Figure 19: Microbial mats of Laguna Negra. (A) Location within mixing zone where microbial
mats can be found. Mats vary in color and morphology (B and C).
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Figure 20: Typical external morphology of microbialites. (A) Ridges skirting microbialite
surface mark the sediment-water interface. (B) External coloration potentially from microbial
pigments. The black layers are buried in the sediment, while orange layers are aerially exposed.
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Figure 21: Thin section preparation. Dashed lines indicate sections that were examined petrographically.
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Figure 22: Laminae labels for microbialite LN-13-1. (A) Laminae used in
inorganic isotope and elemental measurement. (B) Laminae combined for
organic analyses.
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Figure 23: Laminae labels for microbialite LN-13-5. (A) Laminae used
in inorganic isotope and elemental measurement. (B) Laminae combined
for organic analyses.
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Figure 24: Laminae labels for microbialite LN-13-10. (A) Laminae
used in inorganic isotope and elemental measurement. (B) Laminae
combined for organic analyses.
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Figure 25: Laminae labels for microbialite LN-13-13. (A) Laminae used
in inorganic isotope and elemental measurement. (B) Laminae combined
for organic analyses.
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Figure 26: Laminae labels for microbialite LN-13-20. (A) Laminae used in
inorganic isotope and elemental measurement. (B) Laminae combined for
organic analyses.
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Figure 27: Laminae labels for microbialite LN-13-28. (A) Laminae used in
inorganic isotope and elemental measurement. (B) Laminae combined for
organic analyses.
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Appendix C: Supplementary Photomicrographs
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Figure 28: Photomosaic of microbialite LN-13-1 in
PPL (A) and XPL (B). Short dimension is 8§ mm.
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Figure 29: Photomosaic of microbialite LN-13-5 in
PPL (A) and XPL (B). Short dimension is 8 mm.
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Figure 30: Photomosaic of microbialite LN-13-10
in PPL (A) and XPL (B). Short dimension is 8 mm.
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Figure 31: Photomosaic of microbialite LN-13-13 in
PPL (A) and XPL (B). Short dimension is 8 mm.
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Figure 32: Photomosaic of microbialite LN-13-20
in PPL (A) and XPL (B). Short dimension is 8 mm.
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Figure 33: Photomosaic of microbialite LN-13-28
in PPL (A) and XPL (B). Short dimension is 8 mm.
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Appendix D: Additional Hydrochemical Modeling
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Coprecipitation of trace metals (Sr**, Mg**)

The quantification of trace metal substitution within the calcium carbonate crystal lattice
is a tool often used in paleoenvironmental reconstruction of climate, temperature, and other
hydrochemical conditions (Lorens, 1981; Wilkinson & Given, 1986; Chivas et al., 1993;
Mitchell & Ferris, 2005; Gouramanis & De Deckker, 2010). Assuming the calcium carbonate
formed in thermodynamic equilibrium with the waters of formation (Katz et al., 1972),
coprecipitation of trace metals in the carbonate lattice is defined by the partition, or distribution,

coefficient (D,) between the molar ratio of the trace metal to calcium of the water:

C L
X — p¢ X (1) (Katz et al., 1972)
Meaz+ Meaz+

where m is the molar ratio, X is the trace metal being examined (Sr*, Mg,2+ or any other

divalent cation), C is calcium carbonate, and L is the liquid.

Geochemical modeling of Sr/Ca water composition was performed to reconstruct water
evolution in response to fluctuating chemical conditions. Since Dy, is dependent upon kinetics
and mechanism of crystal growth (Kinsman & Holland, 1969), in order to build a robust model
and produce a Dy, that simultaneously accounts for the Mg/Ca ratio of the water, while being
both rate-dependent and temperature specific, the distribution coefficient of strontium (Dy,) in
calcite was found through the integration of published models and assumptions (Table 12). Since

the relationship between the molar Mg/Ca ratio of the host waters is such that precipitation is



Table 12: Assumptions in Sr/Ca model for host waters based upon calcite formation.

Parameter Description Equation/Source Reference
Dq, Homogeneous De. = Sr Sr Katz et al., 1972
distripl}tion CL Cajiquia’ Carock
coefficient
Steady-state solution | Homogenous Ca(HCO,), + MgCl, > Mucci and Morse,
composition precipitation process | CaCO, 1983; (Oomori et
al., 1987)
Rock/water Equilibrium at 25°C
interaction
logK Rate constant logK =-0.2727(Mg/Ca,,;,) | Mucci and Morse,
-5.007 1983; equation
obtained from
plotting Table IV
Mg/Ca., Molar concentration | Average value from This work
of Mg/Ca in solution | modeled and measured
Mg/Ca ratios within the
mixing zone
logR Precipitation rate of | logR =1logK +nlog(€2-1) Mucci and Morse,
calcite 1983
n Empirical reaction n=3.07 Mucci and Morse,
order 1983; Mg/Ca-,, =
1
Q 747 @ 25°C Average in situ mixing zone | (Parkhurst, 1999)

value from PHREEQC-I.

0= Ion Activity Product
Ksp

K, =10
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slowed through kinetic inhibition, the Dy, of calcite may be obtained through the integration of

published models:

logK =-0.2727 (Mg/Ca ) + (-5.007) 2) (Mucci and Morse, 1983)

where K is the rate constant and Mg/Ca is the measured molar ratio within the liquid. With
average Mg/Ca | ~0.831 (from averaging the Mg/Ca molar concentrations provided by

PHREEQC with in situ mixing zone samples 3 and 4; Table 13):

logK =-0.2727 (0.831459) + (-5.007) (2b)

logK =-5.233738869 (2¢)

From a known rate constant, the next step in determining Dy, in the case of calcite is to find a

suitable precipitation rate, such that at 25°C:

logDy, = (0.214 + 0.026)*logR — 1.67 £0.09  (3) (Tang et al., 2008)

where R is the precipitation rate expressed in micromoles/hr*m”. Quantification of precipitation
rate, while difficult to constrain, is essential to coprecipitation models that are based upon calcite
precipitation rate (Lorens, 1981; Mucci, 1986; Carpenter & Lohmann, 1992; Tang et al., 2008).

Obtaining probable precipitation rates is made possible through extrapolation from saturation



Table 13: Average measured and modeled molar concentrations of Mg®" and Ca’* within the

mixing zone of Laguna Negra.
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Mg** Ca™* Mg/Ca
Sample  Description Molar
1 Modeled 50% Lake, 50% Inlet 0.24 0.34 0.69
2 Modeled 45% Lake, 55% Inlet 0.22 0.31 0.69
3 Modeled 40% Lake, 60% Inlet 0.19 0.28 0.70
4 Modeled 35% Lake, 65% Inlet 0.17 0.25 0.70
5 Modeled 30% Lake, 70% Inlet 0.15 0.21 0.70
6 Modeled 25% Lake, 75% Inlet 0.13 0.18 0.71
7 Modeled 20% Lake, 80% Inlet 0.11 0.15 0.71
8 Measured in situ Mixing Zones sample 3 0.02 0.01 1.9
9 Measured in situ Mixing Zones sample 4 0.09 0.15 0.58
Avg 0.15 0.21 0.83
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state. Modeled saturation states were garnered through PHREEQC geochemical modeling
(Parkhurst, 1999) of in situ mixing zone water chemistry and iterative modeling of lake to inlet
water mixtures of 50:50 to 20:80. Saturation state (£2) of the modeled solutions with respect to
the solid phase of calcite is expressed as a ratio of the ion activity product (IAP) reported in

PHREEQC to the solubility constant:

IAP IAP
=—0=_— 4)
Ksp Ksp

where Kisp is the equilibrium stoichiometric solubility constant for calcite at 5°C, 25°C, 40°C

(Garrels, 1965).

With the average mixing zone saturation state of calcite of 7.47,1ogR was obtained according to:

logR =logK + n*log(€2-1) (Mucci, 1986) &)

where rate is expressed as moles/hr*m” and n is the empirical reaction order. The
modeled average saturation state given in PHREEQC from mixing zone water samples produces
Q =7.47. With a liquid molar Mg/Ca ratio of 0.831 (Table 13), n = 3.07 (Mucci and Morse,

1983) and the rate constant from equation 2c:

logR =-5.233738869 + 3.07*log(7.47 — 1) (5b)

logR =-2.744 (5¢)
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After converting precipitation rate from moles/hr*m” to micromoles/hr*m?, logR from
equation 2c can be used in equation 5 to produce the Dy, of calcite, and in turn, the Sr/Ca

composition of host waters, under the assumption of constant temperature:

Dpéaeite = 0,106 + 0.001 (6)

This value falls within the range of published values for calcite of 0.02 — 0.4 (Katz et al., 1972;
Berner, 1975; Lorens, 1981; Mucci, 1986). Sensitivity testing shows that both temperature and
saturation state play a role in the modeled Sr/Ca composition of the water, with greater
variability seen in at low temperature (Fig. 34). Theoretical high, medium, and low saturation
states were scaled according to temperature and corresponding K (Garrels, 1965). At 5°C, we
see a very large spread in modeled Sr/Ca water ratios across saturation states (7.2). Such large
deviations suggest that Mg/Ca, and in turn, precipitation rates, play critical role in modeled
values. Similarly, the Sr/Ca molar rock ratios also show nearly identical behavior to the modeled
Sr/Ca ratios of water with the lowest saturation state of calcite (2.8) at 40°C. The Sr/Ca
composition of the waters of calcite formation can be constrained though this model of rate-
dependent, temperature specific Dy, for calcite if a constant temperature is assumed. Sensitivity
of this model to saturation state and defined reaction order was also tested. Although the
saturation state of calcite affects modeled log R values, the modeled results of Dy, still fall

between 0.04 and 0.1 with Log R ranging from -4.5 to -2.5.
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Figure 34: Modeled molar Sr/Ca of waters of formation. Trace metal abundance data used from
microbialite LN-13-1. Rate determined according to Mucci, 1986. Saturation state of calcite
found by using modeled ion activity product and Ksp values according to temperature (Garrels
and Christ, 1965). Water composition plays a significant role in trace metal incorporation, with
increased temperature causing precipitate rate increases.
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The relationship between measured Sr** (ppm), modeled Dg,, and mole percent MgCO; is
displayed in Fig. 35. With outliers removed after microfabric and geochemical evidence
suggestive of aragonitic content, it is clear that the amount of Sr** incorporated into the lattice
structure, and in turn, the Dy, is influenced to some degree by the amount of MgCO; within the
lattice. This trend has been reported as directly proportional by other workers (Holland, 1966;
Katz et al., 1972; Carpenter & Lohmann, 1992) and can be related to microstructural defects
induced by magnesium incorporation that facilitate coprecipitation of Sr** through the addition of
kinks into which the large Sr**ion can fit (Paquette & Reeder, 1995). Indeed, throughout the
literature, both abiotic and biogenic carbonate display systematic covariance between Sr** and
Mg2+ (Mucci & Morse, 1983; Ohde, 1984; Carpenter & Lohmann, 1992). However, our data do
not show a relationship as strong as published empirical findings (Fig. 36). One striking
difference between the strong covariant relationships found in previous works and this study is
that the concentrations of both Sr** and Mg** are extremely elevated, with average Sr** values
around 2800 ppm and Mg>* averages between 6284 and 11477 ppm. Such extraordinarily high
values suggest extremely rapid precipitation rates, which have been suggested to significantly
increase Dg, (Lorens, 1981; Baker et al., 1982; Mucci, 1986; Pingitore and Eastman, 1986;

Carpenter & Lohmann, 1992).

Increases in temperature, saturation state, and precipitation rates all act to increase the
Dy, between calcite and host waters. By contrast, increases in CO,>, or alkalinity, decrease D,.
Interpreting trends in our data, therefore, requires attention to the chemical pathway whereby

stable carbonates are formed and the bulk chemistry of their host waters. Increased degassing of
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Figure 35: The modeled distribution coefficient of strontium (Ds,) as a function of the amount of
MgCO3 within calcite of LN-13-1. Outliers removed (laminae 1-28 and 1-29) which show botryoidal
microfabric, elevated strontium concentrations (5669 ppm and 7285, respectively), and high modeled
Dy, values close to 1, all characteristic of aragonite.
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CO, with evaporation causes both increases in 'O and pH, the effect of which is a depressed
Dq,, which explains the initially low values of Sr. However, prolonged evaporation within the
basin causes an overall increase in Dy, resulting from the increase in Sr/Ca within waters that are
likely progressively enhancing with respect to calcite saturation state that is coinciding with
increased temperatures in a shallower water body. In addition, should the precipitation of LMC
and/or discharge of saline groundwater remained tightly coupled to and keep pace with
evaporative concentration, both the salinity and Mg/Ca of the waters of formation increase. This,
in turn, causes the stable phase of calcium carbonate to be aragonite, the D, of which is much
larger than that of calcite (Kinsman & Holland, 1969; Visscher et al., 1998). The result of a
larger Dy, is higher amount of Sr** in the carbonate. Mineralogical investigation of Laguna Negra
microbialites show that, while it is not uniformly true, the laminations found to contain both

highly enriched &'*O values and high Sr** concentrations contain aragonite.

Time-wise trends of elemental salinity indicators (Mg/Ca and Sr/Ca) within carbonate are
variable across samples; however, the laminations most recently deposited show considerably
depressed values. Decreased values reflect decreased salinity within the basin, which is also
mirrored by light values of oxygen and carbon isotopes within carbonate. High fluctuation in
ratios between laminations of an individual sample can be tied to spatial position in the lake with
relation to the lake’s source of input waters, with samples nearest to the shore displaying

heightened sensitivity to inflow (LN-13-5; LN-13-13).



Figure 36: Strontium and magnesium covariance within calcium carbonates. Orange triangles
are data from this study, which illustrate no covariance. Several samples with extreme Sr*
enrichment contain aragonite. Green rectangles are data from Mucci and Morse, 1983, which
show strong covariance. For their study, strontium and magnesium concentrations were

obtained from calcites grown at 25 degrees C within solutions with Mg/Ca ratios from 1 to 10.3.
Note secondary X-axis.
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Since laminae of microbialites contain aragonite as well as calcite, the distribution
coefficient for strontium in aragonite needs to be addressed. Predicated on the work of Holland et
al. (1963) and Holland et al. (1964), Kinsman and Holland (1969) found that the Dy, between
aragonite and dissolved bicarbonate decreased linearly with increasing temperature and has a
value of 1.17 +£0.004 at 16°C, 1.13 £ 0.03, at 25°C, and 1.15 £ 0.05 at 30°C. Modeling of water
Sr/Ca composition using these values differs by about an order of magnitude when compared to

values obtained with D (Table 14). In laminations that had the presence of aragonite

Sr-calcite
confirmed through XRD, the modeled Sr/Ca ratios within host water are not statistically different
from layers containing only calcite (p =0.0796 at 15°C and p = 0.0737 at 30°C). However, in
order to make any inference as to the validity of modeled water composition beyond preliminary
findings, greater resolution of mineralogical analysis should be conducted for better recognition

of the influence that aragonite imparts on trace metal incorporation and its subsequent affect on

paleosalinity proxy data.

As with coprecipitaiton of strontium in calcium carbonate, the degree to which
magnesium is incorporated in a growing lattice depends upon the distribution coefficient of
magnesium (D). In calcite forming from waters with molar Mg/Ca ratios between 0.04 and 2,
the role that solution Mg/Ca ratio plays in Dy, is nominal (Oomori et al., 1987). Instead, the

value of Dy, is highly temperature dependent:



Table 14: Sr/Ca of water derived through Dsr for aragonite at 15, 25, and 30°C.

Sr/Ca
water

Temperature °C

Microbialite 15 25 30

Dgr* 1.17 1.13 1.15
LN-13-1 0.002850865 0.00295178 0.002893707
LN-13-5 0.00228431 0.002518636 0.002324037
LN-13-10 0.002313253 0.002395138 0.002353484
LN-13-13 0.002495526 0.002583863 0.002538926
LN-13-20 0.002330418 0.002412911 0.002370947
LN-13-28 0.002967363 0.003072402 0.003018969

*Dgr between aragonite and dissolved bicarbonate (Kinsman and Holland, 1969).
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Dy, =0.000898 * °C +0.0348 (Katz, 1973) (7)

Dy, = 0.00066 * °C + 0.0042 (Oomori et al., 1987) 8)

Unfortunately, reliable derivation of temperature fluctuations throughout microbialite
growth requires comprehensive and constrainable time-series records of the water Mg/Ca
composition. Even with measured Mg/Ca ratios of the carbonate, such heightened sensitivity to
temperature that is characteristic of Dy, precludes extrapolation of water Mg/Ca ratios from our
current data. However, if we assume that Mg/Ca ratio of the waters of formation have remained
stable throughout lamination accretion, a Mg/Ca water ratio of 0.8314, then the average
theoretical Dy, is between 0.032 and 0.065 (Table 15), which is congruent with published results
of empirical studies at 25°C (Fiichtbauer & Hardie, 1976). Relatively depressed modeled D,
values in samples LN-13-1 (0.032) and LN-13-5 (0.033) could be linked to photosynthetic
activity. Experiments focused on the relationship between trace metal partitioning and
biochemical pathways identified a direct negative relationship between chlorophyll a production
and D,,,, which suggests that biomolecular pathways have considerable influence on the ability

of free ions to be utilized in a calcium carbonate lattice (Miiller ef al., 2014).



Table 15: Average theoretical Dy values for microbialite samples. Values were derived by

dividing molar rock Mg/Ca ratios by solution Mg/Ca ratio.

[Mg]/[ca]rock Avg. DMg
Rock Average Mg/Ca solution = 0.8314
LN-13-1 0.016 0.032 +0.01
LN-13-5 0.017 0.034 +0.01
LN-13-10 0.019 0.042 +£0.01
LN-13-13 0.005 0.052 +0.01
LN-13-20 0.006 0.066 = 0.02
LN-13-28 0.021 0.060 = 0.02
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Appendix E: Supplementary Tables



Table 16: Running average concentrations of Mg** and Ca**, ratios, and Mole % of MgCO,

within carbonate. Laminae are ordered with I referring to the outer rim of the microbialite.

Microbialite LN-13-1

Lamina Mg (ppm)  Ca (ppm) Mg/Ca Mole % MgCO;
1 3979.188 389714 0.010251 0.854236
2 4739.836 3893784 0.012216 1.018004
3 8643.732 3854579 0.022481 1.873376
4 7449.662  387557.1 0.019241 1.603433
5 3774.683 391582.7 0.00964 0.803365
6 5147.32 389415.1 0.013243 1.103567
7 763242 385598.8 0.019811 1.650917
8 4683582  390671.7 0.011994 0.999484
9 6802.623 3877679 0017617 1.468072
10 7246499 3874264 0.018738 1.561463
11 9208.721 3842333 0.024026 2.002154
Microbialite LN-13-5
Lamina Mg (ppm)  Ca (ppm) Mg/Ca Mole % MgCO;
1 4990.957 389413.1 0.012863 1.071898
2 5043.54 389770.6 0.012993 1.082738
3 7715396  386079.2 0.019988 1.665636
4 7371.307 385706.7 0.019111 1.592596
5 4600.351 388688.2 0.011871 0.989263
6 6998.307 3869253 001813 1.510813
7 7771428 385356.9 0.020167 1.680592
8 7858.071 386431 0.020347 1.69558
Microbialite LN-13-10
Lamina Mg (ppm)  Ca (ppm) Mg/Ca Mole % MgCO,
1 8241.31 382159.8 0.021574 1.797806
2 8810.074  384984.1 0.022947 1.912275
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Table 16 con’t

Lamina Mg (ppm) ~ Ca (ppm) Mg/Ca Mole % MgCO;
3 8969.697 385281.8 0.023342 1.945162
4 7738.614 385871.9 0.020113 1.676062
5 8321.133 385086.7 0.021614 1.801151
6 7881.092 385818.6 0.020495 1.707897
7 6608.095 386874.1 0.017183 1.431926
Microbialite LN-13-13
Lamina Mg (ppm)  Ca (ppm) Mg/Ca Mole % MgCO,
1 7960.749 385303.6 0.020679 1.723284
2 10949.32 382798.8 0.028608 2.384003
3 8838.405 382017.1 0.02313 1.927484
4 9535.993 382863.5 0.024915 2.076245
5 875845 3831154 0.022858 1.9048
6 9211.217 3819754 0.024115 2.009564
7 10454.17 382042.2 0.027374 2.28118
8 9304.049 384446.1 0.024204 2.017029
9 14603.81 387190.7 0.029338 3.259784
10 10918.22 393183.1 0.021376 2.375126
11 11510.17 3817974 0.03015 2.512493
Microbialite LN-13-20
Lamina Mg (ppm)  Ca (ppm) Mg/Ca Mole % MgCO,
1 12545.09 377506.7 0.033306 2.775541
2 9505.555 383166.3 0.024875 2.072955
3 11562.09 380564.3 0.030443 2.53689
4 14133.19 3775759 0.037534 3.127827
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Table 17: Microbialite microfabrics by lamination and abundance fabric components by
layers used in carbon coulometry.

174

Microbialite LN-13-1

Lamina Fabric type Abundance of components
1-TOR-1 Isopachous
1-TOR-2 Isopachous
1-TOR-3 Isopachous 70% micrite, 30% cement
1-1-1 Micritic
1-1-2 Mixed micritic/microsparitic
1-2 Mixed micritic/microsparitic
1-3-W Isopachous
1-3-1 Isopachous
1-3-2 Isopachous
1-3-3 Botryoidal 80% micrite, 20% cement
1-4-1 Isopachous
1-4-2 Isopachous
1-5 Mixed micritic/botryoidal
1-6-1 Mixed botryoidal/micrite
1-6-2 Mixed micrite/Microspariticitic
1-7 Micritic
1-8-1 Micritic
1-8-2 Mixed micritic/botryoidal 80% micrite, 20% cement
1-9 Micritic
1-10-1 Mixed micritic/ microsparitic
1-10-2 Mixed micritic/ microsparitic
1-11 Mixed micritic/ microsparitic

Mixed micritic/microsparitic
Mixed micritic/ microsparitic
Mixed micritic/ microsparitic
Mixed micritic/ microsparitic
Mixed micritic/microsparitic
Mixed micritic/microsparitic

10% micrite, 90% cement




Table 17 con’t

Lamina

Fabric type

Abundance of components

1-18
1-19-1
1-19-2
1-20-1
1-20-2
1-21-1
1-21-2

Mixed micritic/microsparitic
Mixed micritic/microsparitic
Mixed micritic/microsparitic
Mixed micritic/microsparitic
Mixed micritic/microsparitic
Mixed micritic/microsparitic
Mixed micritic/microsparitic

50% micrite, 50% cement

1-22-1
1-22-2

Mixed micritic/microsparitic
Mixed micritic/botryoidal

40% micrite, 60% cement

1-23-1
1-23-2
1-24
1-25
1-26-1
1-26-2
1-27
1-28
1-29

Mixed micritic/botryoidal

Mixed micritic/botryoidal

Mixed micritic/botryoidal

Mixed micritic/botryoidal
Mixed micritic/microsparitic
Mixed micritic/microsparitic

Micritic
Mixed micritic/botryoidal
Mixed micritic/botryoidal

30% micrite, 70% cement
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Table 17 con’t

Microbialite LN-13-5

Lamina Fabric type Abundance of components
5-1 Mixed micritic/microsparitic 85% Micrite, 15% cement
5-2 Mixed micritic/microsparitic

5-3-1 Mixed micritic/botryoidal 80% micrite, 20% cement
5-3-2 Mixed micrite/botryoidal
5-4 Micrite
5-5-1 Mixed micritic/botryoidal
5-5-2 Micritic
5-6 Mixed micritic/botryoidal 80% Micrite, 20% cement
5-7-1 Mixed micritic/microsparitic
5-7-2 Botryoidal
5-8-1 Micritic
5-8-2 Micritic
59 Mixed micritic/microsparitic
5-10-1 Mixed micritic/microsparitic 70% micrite, 30% cement
5-10-2 Isopachous
5-11 Isopachous
Lamina Fabric type Abundance of components
5-12 Mixed micritic/botryoidal 60% micrite, 40% cement
5-13 Mixed micritic/botryoidal

5-14-1 Mixed micritic/botryoidal 85% Micrite, 15% cement

5-14-2 Mixed micritic/botryoidal

5-15-1 Mixed micritic/botryoidal

5-15-2 Mixed micritic/microsparitic

5-16 Mixed micritic/microsparitic 80% micrite, 20% cement
5-17 Isopachous
5-18-1 Isopachous
5-18-2 Mixed micritic/microsparitic
5-19 Mixed micritic/microsparitic
5-20 Mixed micritic/microsparitic 20% micrite, 80% cement
5-21 Mixed micritic/microsparitic
5-22 Mixed micritic/microsparitic
5-23 Mixed micritic/microsparitic
5-24 Mixed micritic/botryoidal 40% micrite, 60% cement
5-25-1 Mixed micritic/botryoidal
5-25-2 Mixed micritic/botryoidal
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Microbialite LN-13-10

Lamina Fabric type Abundance of components
10-1 Isopachous 90% micrite, 10% cement
10-2 Mixed micrite/botryoidal
10-3 Micritic
10-4 Botryoidal
10-5 Mixed micrite/botryoidal
10-6 Mixed micrite/botryoidal

10-7-1 Mixed micrite/microsparitic
10-7-2 Mixed micrite/microsparitic
10-8 Mixed micrite/microsparitic
10-9 Botryoidal
18: }(1) Eggzgﬁgﬁz 70% micrite, 30% cement
10-12 Isopachous
10-13 Micritic
10-14 Micritic
10-15 Micritic
10-16-1 Mixed micrite/microsparitic
10-16-2 Mixed micrite/microsparitic
10-17 Botryoidal
10-18 Micritic
10-19 Mixed micritic/botryoidal
10-20 Botryoidal
10-21 Mixed micritic/botryoidal 65% micrite, 35% cement
10-22 Micritic
10-23-1 Mixed micritic/botryoidal
10-23-2 Mixed micritic/botryoidal
10-24 Mixed micritic/botryoidal
10-25 Micritic
10-26 Mixed micritic/botryoidal 15% micrite, 85% cement
10-27 Mixed micritic/botryoidal
10-28 Micritic




Table 17 con’t

Microbialite LN-13-13

Lamina Fabric type Abundance of components
13-TOR Micritic 80% micrite, 20% cement
13-1 Micritic
13-2 Micritic
13-3 Botryoidal
13-4 Mixed micrite/botryoidal
13-5-1 Micritic 70% micrite, 30% cement
13-5-2 Mixed micrite/botryoidal
13-6 Botryoidal
13-7 Isopachous
13-8-1 Botryoidal 65% micrite, 35% cement
13-8-2 Isopachous
13-9 Mixed micritic/botryoidal 70% micrite, 30% cement
13-10-1 Micritic
13-10-2 Micritic
13-11-1 Botryoidal
13-11-2 Isopachous
13-12-1 Mixed micritic/botryoidal 50% micrite, 50% cement
13-12-2 Mixed micritic/botryoidal
13-12-3 Mixed micritic/botryoidal
13-13-1 Mixed micritic/microsparitic
13-13-2 Mixed micritic/microsparitic
13-14 Micritic
13-15 Mixed micrite/botryoidal
13-16 Micritic
13-17-1 Micritic
13-17-2 Mixed micritic/microsparitic
13-18 Botryoidal
13-19-1 Micritic 50% micrite, 50% cement
13-19-2 Mixed micrite/botryoidal
13-20 Micritic
13-21 Mixed micrite/microsparitic
13-22-1 Mixed micrite/microsparitic
13-22-2 Micritic
13-22-3 Botryoidal
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Lamina Fabric type Abundance of components
13-23-1 Micritic
13-23-2 Mixed micrite/botryoidal
13-23-3 Mixed micrite/botryoidal

13-24 Botryoidal
13-25-1 Mixed micrite/microsparitic 20% micrite, 80% cement
13-25-2 Mixed micrite/microsparitic

13-26 Botryoidal

13-27 Botryoidal

13-28 Mixed micrite/botryoidal

13-29 Mixed micrite/botryoidal 98% micrite, 2% cement

Microbialite LN-13-20

Lamina Fabric type Abundance of components
20-1 Botryoidal
20-2 Botryoidal 10% micrite, 90% cement
20-3 Botryoidal
20-4 Micritic 98% micrite, 2% cement
20-5 Mixed micritic/botryoidal
20-6 Micritic
20-7-1 Micritic
20-7-2 Mixed micritic/botryoidal
20-7-3 Mixed micritic/botryoidal
20-8-1 Micritic
20-8-2 Mixed micritic/botryoidal 90% micrite, 10% cement
20-8-3 Mixed micritic/botryoidal
20-9 Micritic
20-10 Mixed micritic/microsparitic
20-11 Mixed micritic/microsparitic
20-12 Micritic
20-13 Mixed micritic/microsparitic
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Lamina Fabric type Abundance of components
20-14 Micritic
20-15 Mixed micritic/microsparitic
20-16 Botryoidal
20-17 Micritic
20-18 Mixed micritic/microsparitic
20-19-1 Micritic
20-19-2 Botryoidal
20-20-1 Micritic
20-20-2 Mixed micritic/botryoidal -
20-21 Mixed micritic/micro};paritic 85% micrite, 15% cement
20-22 Mixed micritic/microsparitic
20-23 Micritic
20-24 Mixed micritic/microsparitic
20-25 Mixed micritic/microsparitic
20-26-1 Mixed micritic/botryoidal
20-26-2 Micritic
20-26-3 Mixed micritic/microsparitic
20-27 Micritic
20-28 Botryoidal
20-29 Micritic
20-30 Mixed micritic/botryoidal
20-31 Mixed micritic/botryoidal
20-32-1 Micritic
20-32-2 Mixed micritic/botryoidal _
20-33 Mixed micritic/botryoidal S0% micrite, 50% cement
20-34 Mixed micritic/botryoidal
20-35 Mixed micritic/botryoidal
20-36 Mixed micritic/botryoidal
20-37 Mixed micritic/microsparitic
20-38 Mixed micritic/microsparitic




Table 17 con’t

Microbialite LN-13-28

Lamina Fabric type Abundance of components

28-1-1 Isopachous .

8-1-2 Tsopachous 50% micrite, 50% cement
28-2 Micritic 90% micrite, 10% cement
28-3 Isopachous
28-4 Isopachous 70% micrite, 30% cement
28-5 Isopachous

28-6-1 Micritic

28-6-2 Mixed micritic/botryoidal .

28-7 Mixed micritic/botryoidal 70% micrite, 30% cement

28-7-R Mixed micritic/botryoidal

28-8-1 Micritic .

28-8-2 Mixed micritic/botryoidal 95% micrite, 5% cement

28-9-1 Mixed micritic/botryoidal

28-9-2 Mixed micritic/botryoidal 95% micrite, 5% cement

28-10 Mixed micritic/botryoidal

28-11-1 Micritic
28-11-2 Mixed micritic/botryoidal

28-12 Mixed micritic/botryoidal 95% micrite, 5% cement

28-13 Mixed micritic/botryoidal

28-14 Mixed micritic/botryoidal

28-15 Isopachous

28-15-1 Isopachous

28-16 Mixed micritic/botryoidal 60% micrite, 40% cement

28-17 Micritic

28-18 Micritic

28-19 Botryoidal

28-20-1 Botryoidal 30% micrite, 70% cement
28-20-2 Botryoidal
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Table 18: Total carbon, total inorganic carbon, and total organic carbon measurements for each
microbialite. The layers comprise laminae that have similar isotopic composition and coloration.

Microbialite LN-13-1

Layer
from
center

Sample

Laminae
included

Total Inorganic
carbon (TIC)

Total carbon (TC)

% Total

organic

carbon
(TC-TIC)

C-1-8

1-TOR-1
1-TOR-2
1-TOR-3

wt (mg)

% C

wt (mg)

% C

8.1

9.5659

6.5

10.6904

1.1245

C-1-1

1-1-1
1-1-2

6.2

9.6418

10.0373

0.3955

C-1-2

1-2
1-3-1
1-3-2
1-3-3
1-3-W
1-4-1
1-4-2
1-5
1-6-1
1-6-2

44

10.1304

6.1

113134

1.183

C-1-3

1-7
1-8-1
1-8-2

1-9

1-10-1
1-10-2
1-11

5.7

10.0092

49

11.2292

1.22

C-1-4

1-12
1-13
1-14
1-15
1-16
1-17

5.1

9.6283

7.5

11.4397

1.8114

C-1-5

1-18
1-19-1
1-19-2
1-20-1
1-20-2

7.3

9.8631

6.9

10.8237

0.9606




Table 18 con’t

Total % Total
Layer Inorganic | Total organic
from Laminae Carbon | Carbon carbon
center Sample included (TIC) (TO) Total carbon (TC) (TC-TIC)
wt (mg) % C wt (mg) % C
1-21-1
1-21-2
1-22-1
2 C-1-6 52 10.1072 5.7 13.9814 3.8742
1-22-2
1-23-1
1-23-2
1-24
1-25
1 C-1-7 1-26-1 4.5 10.0018 4.7 10.9231 0.9213
1-26-2
1-27
1-28
1-29

Avg. TOC =1.48085714




Table 18 con’t

Microbialite LN-13-5

% Total
Layer Organic
from Laminations Total Inorganic Carbon
Center Sample included Carbon (TIC) Total Carbon (TC) | (TC-TIC)
wt (mg) % C wt (mg) % C
10 C-5-1 2:; 64 9.9843 6.5 10.3511 0.3668
5-3-1
9 C-5-2 539 6 9.6018 6.5 11.0743 1.4725
5-4
5-5-1
5-5-2
8 C-5-3 5-6 64 9.9216 5.6 11.6764 1.7548
5-7-1
5-8-1
5-8-2
5-9
7 C-5-4 101 64 9.9752 58 | 115793 | 1.6041
5-10-2
5-11
6 C-5-5 5-12 7.1 10.0108 6 11.302 1.2912
5-13
5 C-5-6 5-14-1 7.5 9.984 6.9 11.6274 | 1.6434
5-14-2
5-15-1
5-16
5-17
4 C-5-7 5.18.1 4.7 9.8856 6.9 10.773 0.8874
5-18-2
5-19
5-20
3 C-5-8 51 5.1 10.1343 6.5 6.3 0
5-22
5-23
2 C-5-9 504 5.1 10.3085 5.6 11.0528 0.7443
1 C-5-10 - 54 10.699 9.7 11.0968 0.3978

Avg.TOC =1.01623
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Table 18 con’t

Microbialite LN-13-10

Layer
from Laminations Total Inorganic
center Sample included Carbon (TIC)

Total Carbon (TC)

% Total
Organic
Carbon
(TC-TIC)

wt (mg) % C

wt (mg) % C

10-1
4 C-10-1 10-2 6 9.6896
10-3

6.5 11.071

1.3814

10-4
10-5
10-6
10-7-1
10-7-2
10-8
10-9
10-10
3 C-10-2 10-11 7.1 10.2041
10-12
10-13
10-14
10-15
10-16-1
10-16-2
10-17

7.1 11.244

1.0399

10-18
10-19
10-20
2 C-10-3 10-21 7 10.0571
10-22
10-23-1
10-23-2

52 10.7194

0.6623

10-24
10-25
1 C-10-4 10-26 6.6 10.2762
10-27
10-28

6.2 11.5359

1.2597

Avg. TOC = 1.085825
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Table 18 con’t

Microbialite LN-13-13

Layer
from
center

Sample

Laminations
included

Total Inorganic
Carbon (TIC)

Total Carbon (TC)

% Total

Organic

Carbon
(TC-TIC)

C-13-9

wt (mg) % C

wt (mg) %C

5 10.0153

323 10.6651

0.6498

C-13-1

13-TOR
13-1
13-2

5.8 9.7723

6.8 10.3481

0.5758

C-13-2

13-3
13-4
13-5-1
14-5-2
13-6

6.5 10.3139

6.2 11.0589

0.745

C-13-3

13-7
13-8-1
13-8-2

6.2 10.565

6.1 11.6677

1.1027

C-13-4

13-9

7.5 10.2087

5.8 11.1941

0.9854

C-13-5

13-10-1
13-10-2
13-11-1
13-11-2
13-12-1
13-12-2
13-13-1
13-13-2

54 10.1451

6.1 11.0599

0.9148

C-13-6

13-13-3
13-14
13-15
13-16

13-17-1

13-17-2
13-18

13-19-1

13-19-2
13-20
13-21

13-22-1

13-22-2

13-22-3

4.7 9.7373

94 10.6197

0.8824
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Table 18 con’t

% Total
Layer Organic
from Laminations Total Inorganic Carbon
center Sample included Carbon (TIC) Total Carbon (TC) (TC-TIC)
wt (mg) % C wt (mg) %C
13-23-1
13-23-2
13-23-3
13-24
3 C-13-7 13-25-1 5.7 9.2353 52 11.5671 2.3318
13-25-2
13-26
13-27
13-28
2 C-13-8 13-29 8.3 10.3158 6.2 11.9929 1.6771
Avg. TOC = 1.09608889
Microbialite LN-13-20
%Total
Layer Organic
from Laminations Total Inorganic Carbon
center Sample included Carbon (TIC) Total Carbon (TC) (TC-TIC)
wt (mg) % C wt (mg) % C
20-1
5 C-20-1 202 72 9.6014 6.4 10.6347 1.0333
20-3
4 C-20-2 20-4 4.8 9.9976 53 10.7704 0.7728
20-5
20-6
20-7-1
20-7-2
20-7-3
3 C-20-3 20-8-1 6.5 10.351 8.6 10.7785 04275
20-8-2
20-8-3
20-9
20-10
20-11




Table 18 con’t
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Layer
from
center

Sample

Laminations
included

Total Inorganic
Carbon (TIC)

Total Carbon (TC)

%Total

Organic

Carbon
(TC-TIC)

20-12
20-13

wt (mg)

% C

wt (mg)

% C

C-20-4

20-14
20-15
20-16
20-17
20-18
20-19-1
20-19-2
20-20-1
20-20-2
20-21
20-23
10-24
20-25
20-26-1
20-26-2
20-27

6.2

9.6859

6.6

11.4381

1.7522

C-20-5

20-28
20-29
20-30
20-31
20-32-1
20-32-2
20-33
20-34
20-35
20-36
20-38
20-37

54

9.9985

11.2052

1.2067

Avg. TOC = 1.0385




Table 18 con’t

Microbialite LN-13-28

Layer
from

center Sample

Laminations
included

Total Inorganic
Carbon (TIC)

Total Carbon (TC)

% Total

Organic

Carbon
(TC-TIC)

9 C-28-1

28-1-1
28-1-2

wt (mg) % C

wt (mg)

% C

6.6 9.5442

6.6

10.2061

0.6619

8 C-28-2

28-2

7.6 8.1251

7.1

8.3717

0.2466

7 C-28-3

28-3
28-4
28-5

7.8 9.9487

1.1

9.6876

6 C-28-4

28-6-1
28-6-2
28-7

54 9.854

7.1

10.553

0.699

5 C-28-5

28-7-R
28-8-1
28-8-2

8.4 94105

6.7

9.7527

0.3422

4 C-28-6

28-9-1
28-9-2
28-10

8.2 9.3767

54

10.1961

0.8194

3 C-28-7

28-11-1
28-11-2
28-12
28-13
28-14

7.8 9.3881

7.1

9.6558

0.2677

2 C-28-8

28-15
28-15-1
28-16
28-17
28-18

6.6 10.3526

4.8

10.6431

0.2905

1 C-28-9

28-20-1
28-20-2

6 9.3294

4.8

10.6431

1.3137

Avg. TOC =0.51566667
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Table 19: Results of sedimentary organic matter analyses, including isotopic weight percent
composition of organic carbon. Dashes indicate either insufficient sample powders or amounts
below detection limits. C/N ratios were converted to atomic values to reflect biological
stoichiometry.

Microbialite LN-13-1

Layer
from
center

Sample

Laminae
included

613COrg

C

N

C/N

C-1-8

1-TOR-1
1-TOR-2
1-TOR-3

%0 VS.
VPDB

Weight percent

-16.1

5.02

0.57

10.3

C-1-1

1-1-1
1-1-2

-23.2

4.18

0.25

9.7

C-1-2

1-3-1
1-3-2
1-3-3
1-3-W
1-4-1
1-4-2
1-5
1-6-1
1-6-2

214

3.73

0.37

99

C-1-3

1-8-1
1-8-2
1-9
1-10-1
1-10-2
1-11

-26.5

393

0.38

12.1

C-1-4

1-12
1-13
1-14
1-15
1-16
1-17

-25.7

4281

0.37

15.2

C-1-5

1-18
1-19-1
1-19-2




Table 19 con’t

Layer
from Laminae
center Sample included d°C,. C N C/N
?1‘;1\;% Weight percent
1-20-1
1-20-2
1-21-1
1-21-2
1-22-1
2 C-1-6 1222 -20.1 3.15 0.61 7.1
1-23-1
1-23-2
1-24
1-25
1 C-1-7 1-26-1 -22 4.18 0.48 10.2
1-26-2
1-27
1-28
1-29
Avg. -22.1 10.6
Microbialite LN-13-5
Layer
from Laminae
Center Sample included d°C,, C N C/N
;7;;,1\;3 Weight percent
5-1
10 C-5-1 5 - - - -
5-3-1
9 C-5-2 539 -17.3 3.50 0.37 110
5-4
5-5-1
5-5-2
8 C-5-3 5-6 -18.5 4.38 0.58 8.8
5-7-1
5-8-1
5-8-2




Table 19 con’t
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Layer
from
Center

Sample

Laminae
included

613(:0“1

C

N

C/N

C-5-4

5-9
5-10-1
5-10-2

5-11

%o VS.
VPDB

Weight percent

-19.7

5.20

0.80

7.6

C-5-5

5-12

-18.9

4.73

0.60

9.2

C-5-6

5-13
5-14-1
5-14-2
5-15-1

C-5-7

5-16
5-17
5-18-1
5-18-2

-21.8

2.78

0.20

16.2

C-5-8

5-19
5-20
5-21
5-22

C-5-9

5-23
5-24

-20.2

8.0

2.96

93

C-5-10

Avg.

-194

104




Table 19 con’t

Microbialite LN-13-10

Layer
from
center

Sample

Laminae
included

8°C,

C

N

C/N

C-10-1

10-1
10-2
10-3

%0 VS.
VPDB

Weight percent

-21.6

4.16

041

11.8

C-10-2

10-4
10-5
10-6
10-7-1
10-7-2
10-8
10-9
10-10
10-11
10-12
10-13
10-14
10-15
10-16-1
10-16-2
10-17

-269

4.63

041

13.2

C-10-3

10-18
10-19
10-20
10-21
10-22
10-23-1
10-23-2

C-10-4

10-24
10-25
10-26
10-27
10-28

-21.3

3.18

0.46

8.1

Avg.

-233

110
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Microbialite LN-13-13

Layer
from
center

Sample

Laminae
included

613Corg

C

N

C/N

%o VS.
VPDB

Weight percent

C-13-9

C-13-1

13-TOR
13-1
13-2

-254

2.77

0.17

19.0

C-13-2

13-3
13-4
13-5-1
14-5-2
13-6

-24.3

0.02

C-13-3

13-7
13-8-1
13-8-2

-19.8

335

0.43

10.5

C-13-4

13-9

C-13-5

13-10-1
13-10-2
13-11-1
13-11-2
13-12-1
13-12-2
13-13-1
13-13-2

C-13-6

13-13-3
13-14
13-15
13-16

13-17-1

13-17-2
13-18

13-19-1

13-19-2
13-20
13-21

-24.7

4.05

0.18

26.3
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Table 19 con’t

Layer
from Laminae
center Sample included 8"C,, C N C/N
%0 VS.
VPDB Weight percent
13-22-3
13-23-1
13-23-2
13-23-3
13-24
2 C-13-7 13-25-1 -19.8 335 043 9.1
13-25-2
13-26
13-27
13-28
1 C-13-8 13-29 - - - -
Avg. -22.5 16.5
Microbialite LN-13-20
Layer
from Laminae
center Sample included d°C,, C N C/N
{7;;];% Weight percent
C-20-
6 Black - -19.5 547 0.51 12.5
20-1
5 C-20-1 20-2 -26.9 947 0.29 38.1
20-3
4 C-20-2 20-4 - - - -
20-5
20-6
20-7-1
20-7-2
3 C-20-3 20-7-3 214 3.75 048 9.1
20-8-1
20-8-2
20-8-3




Table 19 con’t
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Layer
from
center

Sample

Laminae
included

613C0rg

C

N

C/N

20-9
20-10
20-11
20-12
20-13

%0 V8.
VPDB

Weight percent

C-20-4

20-14
20-15
20-16
20-17
20-18
20-19-1
20-19-2
20-20-1
20-20-2
20-21
20-23
10-24
20-25
20-26-1
20-26-2
20-27

C-20-5

20-28
20-29
20-30
20-31
20-32-1
20-32-2
20-33
20-34
20-35
20-36
20-38
20-37

-195

547

051

15.5

Avg.

-22.1

18.8




Table 19 con’t
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Microbialite LN-13-28

Layer
from
center

Sample

Laminae
included

0"Cy,

C N

C/N

C-28-1

28-1-1
28-1-2

%o VS.
VPDB

Weight percent

C-28-2

28-2

C-28-3

28-3
28-4
28-5

C-28-4

28-6-1
28-6-2
28-7

C-28-5

28-7-R
28-8-1
28-8-2

-26.6

491 0.17

33.7

C-28-6

28-9-1
28-9-2
28-10

-259

1.68 0.03

65.4

C-28-7

28-11-1
28-11-2
28-12
28-13
28-14

-25.6

3.53 0.14

294

C-28-8

28-15
28-15-1
28-16
28-17
28-18

-26.3

2.16 -

C-28-9

28-20-1
28-20-2

Avg.

-26.1

42.8
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Appendix F: XRD Spectra



199

Figure 37: XRD spectra for lamina 22-1 of microbialite LN-13-1.
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Figure 38: XRD spectra for lamina 29 of microbialite LN-13-13.
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Figure 39: XRD spectra for lamina 23-2 of microbialite LN-13-13.
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Figure 40: XRD spectra for lamina 24 of microbialite LN-13-1.
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Figure 41: XRD spectra for lamina 38 of microbialite LN-13-28.
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Figure 42: XRD spectra for lamina 19 of microbialite LN-13-10.
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Figure 43: XRD spectra for lamina 17 of microbialite LN-13-28.
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Figure 44: XRD spectra for lamina 10 of microbialite LN-13-28.
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Figure 45: XRD spectra for lamina 8-2 of microbialite LN-13-28.
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Figure 46: XRD spectra for lamina 16-2 of microbialite LN-13-10.
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Figure 47: XRD spectra for lamina 15 of microbialite LN-13-28.
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Appendix G: Tukey Testing
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In order to determine if are statistically significant differences in observed isotopic
compositions between the center-most and outter-most laminae, Tukey range testing was
conducted on pseudo-replicates. The Tukey method is a single-step statistical test that compares
means through a combination of ANOVA and pair-wise comparison of means. For this study, in
lieu of standard replicate data which required large amounts of sample, we used the combination
of four successive laminae as replicates. It is crucial to note, however, that use of this technique
with psuedo-replicates carries the connotation of a genetic relationship between grouped
laminae, which is not necessarily the case. Tukey testing was applied as an additional means to

corroborate the qualitatively observed trend in isotope data with a quantiative approach.
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Figure 48: Screen shots of Tukey range testing of significant differences in
observed carbon isotope values in microbialites LN-13-1, LN-13-5, and LN-
13-10 using JMP software. Circles in right pane correspond to the mean
values for laminae grouped as layers. Circles that are not touching are
statistically significant at the 95% confidence interval.



Figure 49: Screen shots of Tukey range testing of significant differences in
observed carbon isotope values in microbialites LN-13-13, LN-13-20, and LN-
13-28 using JMP software. Circles in right pane correspond to the mean
values for laminae grouped as layers. Circles that are not touching are
statistically significant at the 95% confidence interval.
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Figure 50: Screen shots of Tukey range testing of significant differences in
observed oxygen isotope values in microbialites LN-13-1, LN-13-5, and LN-
13-10 using JMP software. Circles in right pane correspond to the mean
values for laminae grouped as layers. Circles that are not touching are
statistically significant at the 95% confidence interval.
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Figure 51: Screen shots of Tukey range testing of significant differences in
observed oxygen isotope values in microbialites LN-13-13, LN-13-20, and LN-
13-28 using JMP software. Circles in right pane correspond to the mean
values for laminae grouped as layers. Circles that are not touching are
statistically significant at the 95% confidence interval.



LN-13-1 LN-13-13
LN-13-5 LN-13-20
LN-13-10 LN-13-28

Figure 52: Connecting letter report for carbon isotopes. Levels are
layers from outside, composed of groupings of four laminae.
Levels not connected by the same letter are statistically different.
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LN-13-1 LN-13-13
LN-13-5 LN-13-20
LN-13-10 LN-13-28

Figure 53: Connecting letter report for oxygen isotopes. Levels are
layers from outside, composed of groupings of four laminae.
Levels not connected by the same letter are statistically different.
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Appendix H: Principal Component Analysis
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