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ABSTRACT

The Great Basin included several lacustrine systems that accommodated
extensive carbonate buildups: the Lahontan on the western side (dating back
to 48 kyr cal Bp), and the Bonneville (from 30 to 11.5 kyr cal Br) and Great
Salt Lake (starting 11.5 kyr cal Br) on the eastern side of the basin. The east-
ern lakes show a transition from freshwater to hypersaline conditions. In
contrast, the western lakes do not show any significant change from the orig-
inally prevailing freshwater conditions. Mapping of the carbonate buildups
in the different lakes settings enables a comparison of a biotic versus an abi-
otic composition of the carbonate buildups, their morphologies and their
specific spatial distributions. The morphology, size and distribution of the
carbonate deposits are predominantly governed by seasonal to long-term
water level fluctuations, particular geomorphological heritage, fault-induced
processes, groundwater seepage and substrates. All of the lakes show a
palaeoshoreline distribution with some buildups containing crusts, hemi-
spheroid domes, and parts of complex domes resulting from climate-induced
lake level variations. However, the presence of columns and complex domes
made up of mixed biotic/abiotic carbonates in the western Great Basin is
related to the influx of groundwater. Winnemucca Lake and Pyramid Lake
contain bigger buildups than the ones observed in the eastern Great Basin
lakes. The presence of these large size buildups and thinolites in the Lahon-
tan lacustrine system are a consequence of local hydrological processes asso-
ciated with influenced groundwater flows through specific sedimentary
structures (for example, from springs and delta fronts) and faults. This con-
trast in the distribution, composition and size of the buildups between the
two sides of the Great Basin suggests local changes in water chemistry (for
example, [Ca®"]) and groundwater influxes. This work provides a novel con-
ceptual model for the formation of abiotic and/or biotic carbonate buildups
in lacustrine settings.

Keywords Buildups, Great Basin, Great Salt Lake/Lake Bonneville endo-
rheic lakes, Lahontan, microbialites, thinolites .
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INTRODUCTION

Porous freshwater carbonate deposits composed
of microbial-dominated boundstones, bioclastic
packstones and cements (for example, large-
crystals) are frequently found in the Great Basin
where they shape lacustrine deposits in both the
Bonneville and Lahontan hydrological basins,
and are referred to as tufa in the literature (Ben-
son, 1994; Benson et al., 1995; Vennin
et al., 2019; DeMott et al., 2019b; DeMott &
Scholz, 2020). A clear biotic origin for the car-
bonate mineralization is more easily observed in
modern tufa systems than in fossil ones (Hof-
mann & Farmer, 2000; Schopf et al., 2007) and
our previous studies in the eastern Great Basin
have shown that the carbonate buildups are
microbially mediated (Vennin et al., 2019). This
abundant role for microbial activity is less evi-
dent in western Lahontan buildups due to the
presence of abiotic calcite cements (for example,
thinolites). The buildups in the western area
have been interpreted as a continuum between
the two extremes of physical (cements) and
microbial (clots, micrite) precipitation (Pedley &
Rogerson, 2010; Della Porta, 2015). The combi-
nation of microbially-induced precipitation
(Bouton et al., 2016a,b; Vanden Berg, 2019; Ven-
nin et al, 2019) and chemically-induced
cements (thinolites; Shearman et al., 1989; Bis-
choff et al., 1993a; Ludwig et al., 2006; Bates
et al., 2010; Zhou et al, 2015; Purgstaller
et al., 2017) is referred in this study as ‘hybrid
carbonates’ (Riding & Virgone, 2020).
Chemically-induced abiotic precipitation of
carbonates depends on the physico-chemical
properties of the water, that result in a specific
saturation state of carbonates (Zeebe, 2012)
related to CO, outgassing (for example, wave
action), continental runoff, and relative contri-
bution of groundwater and hydrothermal spring-
derived water (Kelts & Talbot, 1990; Arenas-
Abad et al., 2010; Della Porta, 2015). In contrast,
microbialites are formed through the mineraliza-
tion of benthic microbial mats and/or the trap-
ping and binding of sedimentary particles
(Burne & Moore, 1987; Visscher et al., 2022).
Microbialites are produced by a complex inter-
play between the microbial community and its
metabolic activities, the specific mechanisms of
CaCOj; precipitation and the surrounding (local
to global) environmental conditions (Rid-
ing, 2000; Dupraz et al., 2009; Arenas-Abad
et al., 2010; Arenas et al., 2014; Bouton
et al., 2016a,b; Pace et al., 2016; Vennin

et al., 2019). In sum, the contribution of abiotic
versus biotic processes to carbonate precipita-
tion depends on intrinsic (i.e. composition of
the microbial communities), extrinsic (i.e. degas-
sing, evaporation) and external controls (for
example, geodynamic context, accommodation
space, water quality, hydrodynamic regime, light
conditions and nutrient availability; Jahnert &
Collins, 2013; Bouton et al., 2016b).

In the Great Basin, two different carbonate
buildups have been described as shoreline-tufa
and spring-associated tufa (Benson et al., 1995;
Bouton et al.,, 2016a,b; Vennin et al., 2019;
DeMott et al., 2019b). The carbonate buildup
distribution is non-random (Bouton
et al, 2016b; Roche et al, 2018; Baskin
et al.,, 2021; Vennin et al., 2021) and reflects
specific climatic, geodynamic and physiographic
parameters. Climate-driven water level fluctua-
tions may explain palaeoshoreline migrations as
well as the distribution of some buildups in
both sides of the Great Basin [Lahontan lacus-
trine system: Benson, 1994; Adams &
Rhodes, 2019; Lake Bonneville and Great Salt
Lake (GSL): Bouton et al.,, 2016a,b; Vanden
Berg, 2019; Vennin et al., 2019]. Tectonics is
also an additional major driver for the eastern
Great Basin buildup distribution (for example,
in GSL) due to the presence of normal faults
(Baskin et al., 2011, 2021; Bouton et al., 2016a,
b). Fault-controlled topographic highs and fault-
related topographic falls in GSL determine the
distribution of the microbial buildups (Bouton
et al., 2016a; Baskin et al., 2021). Although, at
Pyramid Lake, some of the largest buildups may
be associated with faults as proposed by Eisses
et al. (2015), most of the carbonate structures in
both Winnemucca and Pyramid are not directly
associated with faults. Instead, the buildups are
arranged along the flexural margin of the half-
graben and affected by stratigraphically-
controlled groundwater flow paths (DeMott &
Scholz, 2020). In addition, the substrate lithol-
ogy can drive the development of the carbonate
buildups because firm and stable substrates have
been shown to play a physical and chemical role
(i.e. through ion availability) in the microbialite
development in  French rivers (Roche
et al., 2019) and in GSL (Bouton et al., 2016a;
Vennin et al., 2021). The role of the substrate on
the development of the buildups has not been
addressed in the western Great Basin.

The high degree of structural heterogeneity
(physiography, substrate, faults) and the differ-
ence in size, morphology and composition of

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology

85UBD17 SUOLLLIOD dAIIEBID 3| [dde 8y} Aq pausenoh afe sajoiie YO ‘SN JO S3|NJ J04 Akeiqi8auliuO A1 UO (SUORIPUOD-PUB-SLLBI/LI0D AB | Im Ale.q 1 Bul|uoy/Sdny) SUORIPUOD pue SWB | 8U1 88S *[€20¢/20/0z] uo Ariqiauliuo As|iM ‘saue.d auelyooD A 890€T PeS/TTTT OT/I0p/wod /8| 1M Ariqjput|uo//sdny woly papeojumod ‘0 ‘TE0ESIET



the carbonate buildups on both sides of the
Great Basin (Lahontan and Bonneville basins)
will provide new insight on the multiple factors
favouring their biotic and/or abiotic develop-
ment. To date, no study has explained the dif-
ference in carbonate production between these
lakes that otherwise share a similar climate and
geodynamic evolution. The current work aims
to: (i) characterize and map the distribution of
different carbonate buildup morphologies; (ii)
link seismic structural patterns with the devel-
opment of the carbonate buildups; (iii) use the
morphology and distribution of the carbonate
buildups, to discuss the controlling factors
involved in their development and preservation;
and (iv) compare the carbonate deposition and
processes in different areas at the Great Basin
scale, and in particular focusing on the budget
of Ca®" leading to the carbonate precipitation.

GEOLOGICAL AND GEOGRAPHICAL
CONTEXT

The lacustrine systems in this study are part
of the Basin & Range geodynamic province
(Fig. 1A). The Basin & Range includes the large
hydrographic province of the Great Basin com-
posed of several endorheic basins that spanned
520 000 km? at the end of the Pleistocene, when
this major lake system reached its peak size
(Fig. 1A; Reheis et al., 2014). Two main lacustrine
systems can be differentiated at this time: the
Lahontan lacustrine system in the west (Benson
et al., 1992; DeMott et al., 2019b; Roche, 2020)
and the Lake Bonneville in the east (Fig. 1B and
C; Vanden Berg, 2019; Vennin et al., 2019; Bouton
et al., 2020), with areas of 52 300 km? and
22 300 km?, respectively. The water level of these
lakes has been subject to significant climatic-
driven variations during the Pleistocene and
Holocene (Fig. 2; McKenzie & Eberli, 1985;
Murchison, 1989; Patrickson et al., 2010). Conse-
quently, several successive lacustrine cycles are
recorded (Benson et al., 1992; Oviatt & Nash,
2014; DeMott et al., 2019b).

During the Pleistocene, the Lahontan lacustrine
system consisted of seven pluvial lakes that were
connected (Benson & Mifflin, 1986; Adams &
Wesnousky, 1999; Benson et al., 2013a,b; Adams
& Rhodes, 2019; Roche, 2020). During the high-
water level period (Lake Lahontan Highstand or
Sehoo Highstand; Figs 1A, 2 and 3A), the lacus-
trine complex had a water volume of 2020 km®
and a maximum depth of 270 m in the Pyramid
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sub-basin (Benson & Mifflin, 1986; Roche, 2020).
The 48 kyr cal Br long Sehoo Highstand is the
longest lacustrine and sedimentological episode
of the Lahontan Lake (Benson et al., 2013b). The
different lakes were separated by elevation sills,
including Lahontan Highstand, Darwin Pass,
Emerson Pass and Mud Lake Slough. These sills
determined high and/or low water levels in the
system and caused periods of water level stabi-
lization (Fig. 2; Benson, 1994). The sills are corre-
lated to sedimentary terraces that formed during
the stabilization of the water level (Fig. 3A to G;
Benson, 1994). Six major terraces, eponymous to
elevation sills, record the successive lake level
fluctuations since the last Quaternary glaciation
(Oviatt et al., 1992). Remarkably, buildups are
more abundant in sills than in the current shore-
line.

The western part of the Lahontan lacustrine
system is associated with a transtensive tectonic
activity involving the movements of normal faults
and discontinuous strike-slip faults (Wes-
nousky, 2005; Hammond et al., 2011). This tec-
tonic activity generated a succession of horsts,
grabens and half-grabens, that favoured the for-
mation of endorheic lakes with a specific geome-
try and extension (Stewart, 1971). Hydrothermal
activity associated with the fault is present at the
western part of the Lahontan lacustrine system
along the Walker Lane Belt (Faulds & Hinz, 2015).
The lakes are supplied by water from rivers fed
by ice and snow melt from the surrounding
mountains and watershed (Chambers &
Miller, 2011). As a result, the water level of these
endorheic lakes was directly controlled by the
deglaciation that started about 15 ka (McKenzie &
Eberli, 1985; Adams & Wesnousky, 1999; DeMott
et al., 2019b). At that time, a drastic fall of the
water level can be recorded (Fig. 2; Benson
et al., 2013b; Adams & Rhodes, 2019). This drop
in lake water level was regional as it is observed
in the Bonneville Basin (Oviatt, 1997; Bouton
et al., 2020; Vennin et al., 2021) and in the Estan-
cia Lake (New Mexico; Allen & Anderson, 2000).
This decrease in water level coincided with the
beginning of the warm Bglling—Allergd climatic
event (Godsey et al., 2011). Remnants of plants
and pollen indicate a transition from a previously
cold and wet climate to cold and dry conditions,
accompanied by limiting water inputs and pro-
moting evaporation (Madsen et al., 2001).

The Pyramid Lake, with an average altitude of
1157 m above sea level (masl), is fed by the
Truckee River, and is the third largest perennial
lake of the Great Basin. It currently covers an
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Fig. 1. (A) Satellite image [NASA Terra (Satellite EOS AM-1) 28/07/2015 — www.flashearth.com] showing the
Great Basin and the maximum extents of modern and Pleistocene lakes; study areas are Lake Bonneville and Great
Salt Lake located at the eastern side of the Great Basin and the Lahontan lacustrine system [Pyramid Lake (P),
Winnemucca Dry Lake (W)] located at the western side (modified from Vennin et al., 2019; extracted from the
Morrison database, 1991). (B) Satellite image (Google Earth Pro-V7.3.4.8248, Nevada, USA. © 2021 Google) of the
Great Salt Lake and Antelope Island. (C) Satellite image (NAIP 2019; www.earthexplorer.usgs.gov) with the neigh-
bouring geological structures and showing the location of the illustrations in Figs 4, 5, 6, 7, 10, 13 and 14.

Calibrated age (cal. kyr BP, approximation)
25 20 15

10 5

Bonneville Lake

1600 -

1500 o

1200+

1150

Bonneville Terrace |
s :

E

E 1400 4 Stansbury Terrace

=

>

=

; Buffalo

2 Terrace Adrian Valley Sill
2 1300 4

"€ ____________________
<«

Darwin Sill —
Astor Pass Sill —7 -

[ Great Salt Lake

~Provo Terrace

Emerson Sill

2

Lahontan Lake System

/?yramid and Winnemucca Lakes

Fig. 2. Development of the lacustrine systems and their main terraces dating back 30 kyr cal Bp for the eastern
Great Basin: dark blue curve based on Oviatt (1997), Oviatt (2015), Patrickson et al. (2010) and light blue curve
based on Murchison (1989); the green line of Lake Bonneville and Great Salt Lake corresponds to a synthesis of
the microbial carbonate distribution. For the western Great Basin (25 kyr cal Bp): dark grey curve based on Benson
et al. (2013b) and light grey curve based on Adams & Rhodes (2019).

area of 487 km? with a volume of 30 km® and an
average water depth of 62 m (Fig. 1C). Adjacent
Winnemucca Dry Lake is 50 km long in the
north to south direction and about 15 km wide
from east to west. During the last 48 kyr cal sp,
when the water level reached above the eleva-
tion of the Mud Lake Slough sill (1177-
1183 masl), Pyramid Lake and Winnemucca
Lake were connected in the south (Benson
et al., 2013b; Roche, 2020). Consequently, the
two lakes have common hydrological and sedi-
mentary histories. The climate in this area is
currently arid to semi-arid with an average
annual rainfall between 150 and 700 mm year '
(Chambers & Miller, 2011).

Of similar age as the Lahontan lacustrine sys-
tem, the Bonneville palaeolake is located at the
eastern part of the Great Basin (Benson

et al., 1992; Vennin et al., 2019). In response to
climatic variations during the Pleistocene and
Holocene, this palaeolake also has a complex
history during the last 200 ka that comprises
several lacustrine cycles (Machette et al., 1992).
The last cycle extended from 30 kyr cal Bp to
present and can be divided into two main
phases; a deep Lake Bonneville phase (30 kyr to
11.5 kyr cal Bp) and a shallow Great Salt Lake
phase (GSL; since 11.5 kyr cal Bp; Oviatt
et al.,, 1992; Vennin et al., 2019; Fig. 2). Lake
Bonneville is a large freshwater body with a sur-
face area that peaked approximately 52 300 km?*
with the maximum water level at 1552 masl
(Currey, 1990; Oviatt et al, 1992; Godsey
et al., 2011). Following the period of high-water
stand, the lake level of the Bonneville system
repeatedly declined during different episodes

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 3. (A) Digital elevation model (DEM) showing the Lahontan lacustrine system (Pyramid Lake and Win-
nemucca Dry Lake) and the location of various panoramas (yellow stars). Panorama of the terraces cropping out
on the north-western shore of Pyramid Lake (B) and panorama of the terraces on western shore of Winnemucca
Dry Lake (C); the extension of the different terraces associated with elevation sills located according to Benson
et al. (2013a,b) and Adams & Rhodes (2019). Green line: Mud Lake sill (Mu), blue line: Emerson sill (Em), purple
line: Darwin sill (Da), and orange line: Lake Lahontan high stand (LLH). (D) Digital Elevation Model (USGS 90 m
state-wide, available from https://gis.utah.gov/) showing the extent of Lake Bonneville (dark blue) and Great Salt
Lake (light blue). Also shows the location of the panorama (yellow star): north-western Antelope Island — north
Mormon Rocks. (E) Panorama of north Mormon Rocks showing the preserved terraces from the lower to the higher
elevation (Bu: Buffalo, Gi: Gilbert, St: Stansbury, Pr: Provo and Bo: Bonneville).
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until only a residual lake referred to as the Great
Salt Lake (GSL) remained (Vennin et al., 2019).
This endorheic lake measures 4480 km?, is shal-
low (maximum depth around 10 m; Baskin &
Allen, 2005; Baskin & Turner, 2006), hypersaline
(average salinity around 130 g 17'; Gwynn, 1996),
currently with a mean water level reaching
1280 m above sea level (Bouton et al., 2016a).
During the Bonneville and GSL phases, the vari-
ous episodes of water level stabilization are pre-
served as sedimentary terraces including the
Buffalo (approximately 1292 masl), Stansbury
(1350 to 1360 masl), Bonneville (1552 masl),
Provo (1444 masl) and Gilberts (approximately
1295 to 1305 masl) stillstands (Fig. 3D and E).
Today, the GSL undergoes water level variations
mainly due to the balance between inputs from
the Bear River, the Jordan River and the Weber
River (Fig. 1B) and losses caused by evapora-
tion, which contribute to increase the alkalinity
and salinity values of the lake water (Bouton
et al., 2020).

MATERIAL AND METHODS

The carbonate deposits and their associated sed-
iments in Pyramid Lake and Winnemucca Dry
Lake, Lake Bonneville and GSL were mapped
during field campaigns between 2013 and 2021.
The focus was on nearshore deposits, especially
those of microbial origin. The microbial deposits
are described following the three scales defined
by Shapiro (2000). The macrofabric (or growth
morphology) characterizes the external shape of
a buildup. The mesofabric defines the internal
organization of the buildup as seen with the
naked eye. Finally, the microfabric represents
the smallest scale that can only be observed
with an optical microscope (Dupraz et al., 2011).
In total, 750 sediment samples of microbial
deposits and other carbonate sediments were
collected. The mineral composition was deter-
mined by X-Ray diffractometry (XRD) with a
Siemens D5000 (Siemens AG, Munich, Ger-
many) or a Bruker D4 Endeavour diffractometer
(Bruker Corporation, Billerica, MA, USA). Thin
sections were viewed using polarizing micro-
scopes (Nikon AZ100 and Axioskop; Nikon Cor-
poration, Tokyo, Japan; Leica DMRX, Leica,
Wetzlar, Germany) and with an FEI Quanta 250
(Hillsboro, Oregon, USA) environmental scan-
ning electron microscope, using low vacuum.
Carbonate deposits of Pyramid and Win-
nemucca sub-basins were initially mapped at
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the regional scale using satellite imagery on
Google Earth Pro 7.3.4 (from State of Utah,
USDA Farm Service Agency and NASA;
unknown remote sensors). Mapping was com-
bined with geo-located photographs taken dur-
ing the 2018 field campaign. The different sites
(>1000) pinpointed on Google Earth Pro were
then recorded on a GIS software package (QGIS,
version 3.16.5-Hannover). The digital elevation
models (DEMs) used were acquired from
ASTER-GDEM V003 maps and had a spatial res-
olution of 30 m (www.sciencebase.gov/catalog).
Aerial photomosaics (NAIP) available on the
USGS website were used. The different sill ele-
vations were obtained from the literature (Ben-
son, 1994; Benson et al., 2013b). The location of
the faults was based on a compilation of litera-
ture data as well (Eisses et al., 2015, USGS, Sur-
vey, Map Geology and other) and from a
compilation of local geological maps (Anderson
et al., 2013; Drakos & Faulds, 2013). The organi-
zation and orientation of the faults was com-
piled from the study of seismic profiles
acquired by Eisses et al. (2015), particularly the
D01L01 profile. Similar mapping acquisition
and processing was developed for the eastern
Great Basin, on the north-western shore of
Antilope Island (Great Salt Lake; Bouton
et al.,, 2016a,b). A statistical analysis of the rela-
tionship between the slope and carbonate struc-
tures was performed on the QGIS software
(version 3.16.5-Hannover). The use of the Slope
function (SAGA, Terrain Analysis) allowed us
to estimate a slope value of each mapped object
using 30 m DEMSs. The slope data were then
compiled and processed using Excel® software
(version 16.58).

RESULTS

The results of this study mainly focus on the
Pyramid Lake and Winnemucca Dry Lake,
because GSL has already been the subject of
several publications (Bouton et al.,, 2016a,b,
2020; Pace et al.,, 2016 Vennin et al., 2019).
Table 1 summarizes the data for the different
carbonate buildups found along palaeoshoreli-
nes for these two lakes and are depicted in
Figs 4 to 7. The main microbial-rich deposits of
the eastern Lake Bonneville (Fig. 8A to D) and
Great Salt Lake (Fig. 8E to H), described previ-
ously (Bouton et al., 2016a,b, 2020; Vennin
et al., 2019), are also included in Table 1 for
comparison.

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Lobate capping
Y 28 crusts

Lobate capping
crusts

Fig. 4. Capping crusts (see location in Fig. 1C). (A) Lobate crusts that appear to flow over the substrate and com-
pletely covering a rock promontory (top to bottom vertical growth). (B) Top view of a superposition of lobate
crusts characterized by a large-scale cup morphology (up to 2-3 m large) at 1205 m (Darwin Sill). (C) Encrusted
promontory; the vertical bedrock is encrusted by a planar crust itself covered by lobate (“bird’s-nest”) crusts with
a small-scale cup morphology (10-30 cm large) following a bottom to top vertical growth; the transition between
the planar and the lobate crusts are illustrated on (D) and (E). (F) Transition of a planar microbial-rich crust into
branching/columnar, thin-laminated to clotted mesofabrics. (G) Transition from planar to lobate crusts developed
upon a basaltic substrate.

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists., Sedimentology
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Fig. 5. Hemispheroid domes (see localization on Fig. 1C). (A) Panorama of the western shore of Winnemucca Dry
Lake showing some clustered thinolite-rich hemispheroid domes. (B) Thinolite-rich hemispheroidal domes in dif-
ferent states of preservation. In the front, the domes are well-preserved. In contrast, in the background, they are
strongly altered, showing an empty ring shape. (C) and (D) Close-up views of the thinolite-rich hemispheric
domes revealing three main mesofabrics: acicular crystals (Crystal), clotted and then laminated (Lamin.). (E) Zoom
of the acicular crystals (thinolite) encrusted by the microbialites. (F) Example of microbial hemispheroid domes
(black arrows) developed on the palaeoshoreline of Pyramid Lake (elevation: ca 1200 masl).

Fabrics of the microbial deposits

Pyramid Lake and Winnemucca Dry Lake pro-
vide an important diversity of carbonate build-
ups with respect to size, shape and distribution.
Two groups comprised of a total of five major
macrofabrics could be defined: (i) small-scale
structures such as capping crusts (Fig. 4), iso-
lated buildups and hemispheroid domes (Fig. 5);

and (ii) large-scale structures including columns
(Fig. 6) and complex domes (Fig. 7). These
macrofabrics were composed of one or several
mesofabrics divided into seven sub-categories
including: (i) clotted; (ii) laminated; (iii) struc-
tureless; (iv) branching; (v) columnar; (vi) acicu-
lar crystals; (vii) tubular; and (viii) hybrid
composed at least of two different mesofabrics.

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology
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Fig. 6. Columns (see localization on Fig. 1C). (A) Columnar structure (interpreted as a chimney) on the south-
western shore of Winnemucca Dry Lake. The broken face of the column reveals its internal structure and notably
the pipes of the inner part [see (B) for details] and the development of microbial lobate crusts observed on the
edges of the column with a succession of the following mesofabrics: peloidal (Pe), laminated (La), branching (Br),
columnar (Co), clotted (Cl); see (C) for details. (D) A close-up view of the inner interior of a column showing the
clustering of pipes forming the core of the large structure cropping out on the shore of Pyramid Lake (E). (F) A fal-
len individual pipe occurring in the vicinity of the columnar structure shown in (E).

Based on thin section analyses, five main micro-
fabrics were identified (see Table 1 for descrip-
tion): (i) thinolites as scalenohedral calcite
(Fig. 9A to C); (ii) hybrid of the different micro-
fabrics (Fig. 9D and 9E); (iii) filaments (Fig. 9D);
(iv) micrite (Fig. 9E and F); and (v) peloids
(Fig. 9F to H).

Capping crust (Fig. 4)

Capping crusts typically cover a firm and stable
substrate composed of basaltic, granitic rock
and/or pre-existing carbonate structures such as
domes and columns (Figs 4A to E and 6A to C).
Two types could be distinguished based on their
morphology and mesofabric: (i) planar crusts
(Fig. 4C to G); and (ii) lobate crusts (Fig. 4A, 4B,
4C and 4G). (i) planar crusts uniformly cover the
substrate. They are composed of successive mil-
limetre to centimetre-thick layers either with a
structureless or laminated mesofabric or a thick
crust with a clotted to columnar mesofabric
(Fig. 4F). (ii) lobate crusts are mostly observed
covering the planar crusts. They show a succes-
sion of mesofabrics that from the core outward
is composed of clots, transitioning into branch-
ing and then centimetre-thick layers of columnar
and laminated mesofabrics (Fig. 6B and 6C).
When they are not suspended, the crusts resem-
ble the “bird’s-nest” lobes of DeMott &
Scholz (2020) (Fig. 4C). They are typically orga-
nized in an upward growing pattern with a pro-
gressive overlap of the underlying structure
(Fig. 4A to G). These crusts are very similar to
the capping crusts formed during the Bonneville
phase in the eastern Great Basin, although the
latter are more diverse in morphology [i.e.
columnar crusts (Fig. 8A), bushy-cauliflower
(Fig. 8A and B) and lobate-shaped microbial
crusts (Fig. 8C and 8D)].

Isolated buildups
The isolated buildups correspond to cow pie
and tubular bush morphologies. They could
only be observed occasionally in Winnemucca
and thus will not be discussed further here (see
Table 1 for details).

Hemispheroid domes (Fig. 5)
The hemispheroid domes form flattened build-
ups with a positive relief on the shore. Two cat-
egories could be distinguished according to their
mesofabrics and microfabrics:

1 Thinolite-rich hemispheroid domes (Fig. 5A
to E) contain an empty core and a wall made of
successive multiple centimetre-thick layers com-
posed of three mesofabrics, which are from the
centre outwards: a layer of acicular crystal meso-
fabrics (thinolites) covered by a layer of clotted
mesofabrics and then a thin micritic laminated
crust, which encrusts the entire buildups
(Fig. 5C to E). The eroded hemispheroids are
comparable to the ‘ring bioherms’ described by
Vanden Berg (2019). Thinolites, which were
considered as pseudomorphs of ikaite by calcite,
were a common mineral phase in both Pyramid
and Winnemucca sub-basins (Fig. 9A to C; Ben-
son et al., 2013b; DeMott et al., 2019a,b). Thino-
lites develop directly on sand and fine-grained
sediments in a radiating pattern, distal of the
hemispheroid centre. The acicular thinolite crys-
tals have a long axis ranging from millimetres to
decimetres (Fig. 5A to E). They are organized in
aggregated sheets which form vuggy open box-
works (Shearman et al., 1989).

2 Microbial hemispheroid domes (Fig. 5F) can
exceed 3 m in diameter and cover firm and
stable substrates composed of basalt, granite and
pre-existing carbonate buildups such as columns
and complex domes. These structures have clot-
ted to laminated mesofabrics, similar to the
lobate capping crusts (Table 1). The surface of
these domes is composed of multiple lobate cal-
cite structures stacked on top of one another.
These domes are very similar to the microbial-
rich domes and columns formed during the GSL
phase in the eastern Great Basin (Fig. 8E to H;
Table 1).

Columns (Fig. 6)

Columns are several metre high erect buildups
either isolated or coalescing (Fig. 6A to E). These
buildups are typically 5 to 9 m in diameter and
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Fig. 7. Complex domes (see Fig. 1C for location). (A) Illustration of complex domes developed on the western
shore of Winnemucca Dry Lake. In the front, isolated complex domes with a “bird’s-nest” structure on the domal
flanks. In the back, several complex domes with barrel morphologies forming columnar-like structures. (B) Illus-
tration of Indian Head Rock occurring on the south-western shore of Pyramid Lake; coalescent complex domes are
detailed in (C), (D) and (E). A close-up view (C) of a broken complex dome revealing four main concentric meso-
fabrics [sticked acicular crystal of thinolite (ST)], hybrid (H), columnar (Co), branching (Br), clotted (Cl) and illus-
trating the coalescence of some neighbouring complex domes (D) and (E). (F) A close-up view of the central part
of a dome, composed of thinolite acicular crystals lacking a central pipe. (G) Complex mushroom-shaped dome

associated with other rounded and barrel-shaped structures.

between 10 and 15 m high. Some buildups can
reach tens of metres in height, particularly in the
north-east of Pyramid Lake and are referred to as
chimneys or towers, such as the Needle Rocks
(Benson, 1994; DeMott et al., 2019b). The outer
walls of the buildups are smooth and bulbous
and sometimes covered by draping crusts (Fig. 6A
to C). The internal structure shows a core com-
posed of thin pipes (a few centimetres in diame-
ter; see Fig. 6B, 6D and 6F). From the central core
outward, the column has inclined lobate struc-
tures that are superimposed and evolve, from the
base to the top, into hemispheroid domes (Fig. 6A
to C). The internal section of lobes is composed of
a clotted mesofabric, evolving outward from
branching to columnar. They are frequently
encrusted by a laminated layer (Roche, 2020).
Unlike some of the complex domes that form
around columns and chimneys described by Bra-
sier et al. (2018) in Mono Lake, these columns do
not contain thinolite.

Complex domes (Fig. 7)
Complex domes are composed of accumulations
of spheroidal to barrel shape buildups with
dimensions of up to 3 m in diameter and height.
The macrofabric resembles that of the mounds
and barrels described by DeMott & Scholz (2020).
The surface of these domes can be smooth to
rough (Fig. 7A and B). These domes are occa-
sionally covered with lobate, cup-shaped crusts.
The stacked lobate structures resemble a turtle
shell or form an inverted bowl (Fig. 7A to G).
The domes are of varying size, ranging from a
few metres in isolated complexes to tens of
metres, especially on the shores of Pyramid Lake
(i.e. Pelican Point and Indian Rock, Fig. 7B).
Complex domes are composed of concentric
layers with different mesofabrics surrounding a
central pipe-like structure (Fig. 7C to F). Where
present, the pipes are typically single (up to
10 cm in diameter) and made up of several
mesofabrics from the centre outward: a dark por-
ous clotted core, encrusted by a laminated
millimetre-thick layer. Apart from the pipes,

several layers of thinolite-rich mesofabric transi-
tion outward into columnar mesofabrics (thino-
lites, up to 50 cm in thickness; Fig. 7C). These
layers are capped by branching and finally clot-
ted mesofabrics. In some of the complex domes
the thinolites are absent and clotted and/or
branching microbial mesofabrics dominate.

Mapping of carbonate buildups in both
Winnemucca and Pyramid sub-basins

Approximately 1000 carbonate macrofabrics
(capping crusts, hemispheroid domes, columns
and complex domes) were mapped along the
margins of the Pyramid Lake and Winnemucca
Lake wusing satellite imagery, and classified
based on their dominant morphology and alti-
tude range (Figs 10 and 11). The carbonate
buildups are concentrated on the western shores
of the lakes at an elevation of approximately
1150 to 1330 masl. This elevation range is con-
sistent with a common history of the Lahontan
lacustrine system until the lakes were discon-
nected. The macrofabrics described above were
mapped based on the resolution of the imagery
and thus only the >1 m carbonate structures
could be included. The mapping showed that
lobate and planar crusts frequently co-occur (red
points, Fig. 11A and 11B).

Capping crusts (red circles, Fig. 11A and 11B)
Capping crusts are the most common carbonate
structures on the shores of both Pyramid Lake
and Winnemucca Lake. The planar and lobate
crusts are superimposed and are abundant
between 1175 masl and 1330 masl. These car-
bonate crusts are found up to 1330 masl, which
is the highest water level reached by the Lahon-
tan lacustrine system. These crusts are ubiqui-
tous, with a distribution ranging from flat
surfaces to vertical walls at 5 to 90° slopes. In
addition, they are frequently encrusting rocky
promontories, or spurs and can be present at
other carbonate structures as well (Figs 10C,
10D, 10E, 10H, 11A and 11B).
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Fig. 8. Illustration of microbial deposits of Lake Bonneville and Great Salt Lake (localization on Figs 1 and 3; see
Vennin ef al., 2019, for details and dating). (A) and (B) Examples of a capping crust at the transition of the Stans-
bury and the Provo terraces at Mormon Rocks (Bonneville phase) showing either a two-step growing crust (A)
with a transition from a poorly structured macrofabric to a columnar microfabric (below the Stansbury terrace at
Mormon Rocks) or a single step growing crust made up of a bushy-cauliflower mesofabric (B) grown on a Precam-
brian substrate. (C) and (D) Lobate-shaped microbial crusts encrusting a conglomerate foreset of a Gilbert delta
(Tremonton area, Fig. 1B). (E) Domes and columns of the modern Great Salt Lake in a low water level configura-
tion (Buffalo Point; November 2017; Fig. 1B). (F) Transition from dome shaped microbialites to the cow-pie struc-
tures developed near the shore. (G) Eroded domal structure observed on the shore of the Great Salt Lake, with a
younger crust in the central part. (H) Detail of a microbialite showing a laminar stromatolites and clotted thrombo-
lites, the upper part is fully mineralized whereas the greenish layer is modern microbial crust.

Thinolite-rich hemispheroid domes (yellow
circles, Fig. 11A and 11B)

Thinolite-rich hemispheroid domes are isolated
and aligned along the palaeoshorelines, on at
least ten individual altitudes between 1158 masl
and 1183 masl corresponding to Mud Lake sill
elevation (Figs 5, 11A and 11B; Benson, 1994;
Roche, 2020). These domes can be seen in aerial
view as domes or ring shapes (Figs 5, 10A and
10B). These carbonate macrofabrics are well-
developed on the shores of the Winnemucca Dry
Lake, generally in low-sloped areas (0-6°) but
are absent at Pyramid Lake. Thinolite-rich hemi-
spheroids are the structures present at the low-
est elevation level of Winnemucca Lake and
develop on a sandy to microconglomeratic sub-
strate referred to as beach deposits (Figs 5A,
10A and 10B). These clastic deposits resemble
the beach ridges described for the Turkana Lake
(Schuster & Nutz, 2018).

Microbial hemispheroid domes (green circles,
Fig. 11A and 11B)

Microbial hemispheroid domes are distributed
along the palaeoshorelines of both Pyramid Lake
and Winnemucca Lake. These structures are par-
ticularly common on the western side of Pyra-
mid Lake and Winnemucca Lake and on the
northern and south-western borders of Pyramid
Lake and are present at higher altitude than
thinolite-rich hemispheroid domes, typically
between 1200 masl and 1295 masl. Most of these
domes are found at around 1265 masl at the ele-
vation of the Darwin sill terrace (Figs 5F, 11A
and 11B). They are abundant on flat or slightly
sloped areas of the shorelines (0-30°; Fig. 10C
and 10D), and on topographical highs (palaeo-
deltas and rhyolithic spurs; Fig. 10E) and over-
lap wunderlying carbonate structures such as
complex domes and columns (Fig. 7A). When
the slopes are steeper, these domes are laterally
and vertically replaced by capping crusts
(Fig. 10C and 10D).

Columns (white circles, Fig. 11C and 11D)
Columns comprise the tallest (up to 80 m) of the
carbonate structures at Pyramid Lake, where
they are abundant on the western gentle slopes
(0-11°), up to 150 m width. These structures are
smaller at Winnemucca Dry Lake (10 m high
and 5 m in diameter), where they only occur in
the south-western area of the lake. The columns
are frequently flanked by complex domes with a
lesser relief. Their distribution starts at 1158
masl elevation and ends at 1266 masl (Needle
Rocks and Pyramid Island; Fig. 11C and D).
These carbonates develop on and extend later-
ally into sands and muds. They are frequently
isolated and are generally aligned along normal
faults (Figs 10G and 12).

Complex domes (purple circles, Fig. 11C and
11D)

Complex domes form metre-scale buildups by
fusing metre-wide and metre-high individual
domes (Figs 7A, 7B and 10F; ‘barrels’ according
DeMott et al., 2019b). These structures form
belts on flat or low-sloped areas (0-13°), along
shorelines between 1170 masl and 1190 masl
(dark purple circles) and at 1205 masl (light pur-
ple circles). The complex domes are distributed
in patches close to apparent faults (Fig. 13A)
and/or modern springs, often associated with
fossil lobe-shaped structures (Fig. 13B). The lar-
gest of the complex domes are shown in
Fig. 11C and 11D.

Mapping of the geological substrate in both
Winnemucca and Pyramid sub-basins

Watershed substrates

The watershed is predominantly composed of
igneous, metamorphic and sedimentary rocks
(Figs 11B, 11D and 14A to D). The north-
western area of the Winnemucca sub-basin is
dominated by basalts, andesites and dacites
(Fig 11B; Van Buer, 2012; Anderson et al., 2013;
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Fig. 9. Microstructures of the carbonate buildups of the Winnemucca Lake and Pyramid Lake. (A) and (B) Thino-
lites (Th) preserved as a prismatic crystal shape made of calcite, encrusted by microbialites [organized as hybrid
(Hy) microstructures composed of alternating large crystals and micrite]. (C) Thinolites (Th) encrusted by a hybrid
microstructure (Hy) of possible microbial origin embedded in a micritic matrix (Ma; matrix of wackestone with
ostracodes and floating crystal of thinolites). (D) Microbialites with a hybrid microstructure made up of fan-
shaped calcite crystals and micritic layers (Hy) including microbial filaments (white arrows). (E) Columnar micro-
bial structures with a hybrid microstructure made of cements and micrite and pseudomorphs of thinolite,
encrusted by irregular laminated micritic layers (Mi). (F) Microbial-rich columns made of peloids (Pe) and micrite
(Mi), growing vertically and embedded in a micritic-rich (Ma) matrix with ostracodes. (G) Transition from thino-
lites (Th) pseudomorphs, to encrusting peloidal (Pe) microbial crusts and hybrid (Hy; highly cemented) microbial
(?) layer. (H) Peloids (Pe) organized in clusters, producing a clotted mesostructure.

Drakos & Faulds, 2013). The south-western area
comprises andesites, breccia and pyroclastic
rocks. All of the basaltic rocks are poorly altered
(Fig. 14A). The eastern flank of the sub-basin is
characterized by a more diverse lithology with
rhyolites in the southern part and shales to gran-
odiorites increasingly present towards the north
(Fig. 14C and 14D). Except for the rhyolites, all
lithologies are strongly altered with arenite cov-
ering the granodiorites and silt covering the
metamorphic shales (Fig. 14A). Some spurs of
rhyolitic breccia are covered by a microbial
matrix encrusting blocks and pebbles (Fig. 14D
and 14G). The rhyolites are cross-cut by dykes
that form cohesive and resistant structures on
the lake bottom. The lithological distribution is
less diverse in the Pyramid Lake watershed
(Fig. 11B), where basalts, andesites and dacites
make up the northern three quarters of the lake.
As is the case for Winnemucca sub-basin, these
formations are well-preserved. The southern
flank has a more diverse lithology with well-
preserved rhyolites, basalts and highly altered
granodiorites cropping out mainly in the south-
western part of the lake.

Sedimentary lacustrine substrates

Clastic and carbonate deposits are the two main
lithologies making up the sedimentary substrate
of the lakes. The clastic deposits are mainly
fine-grained sediments at the bottom of the lake
and coarser conglomerates and blocks (Fig. 14E
to H) forming lake terraces, debris flows and oc-
casionally deltaic lobes (Blair, 1999). Conglomer-
ates are frequently found upslope or at the base
of the large complex domes, where they fill in
dissolution cavities or wrap around buildups
and are observed on terraces inclined towards
the lake depocentre (Fig. 14G). Similar to Lake
Bonneville, microbial peloidal cements com-
monly seal and stabilize the flat conglomerates
on horizontal terraces and in debris flows along
the slope that borders terraces and deltaic lobes

(Vennin et al., 2019). The carbonate substrate
consists of previously formed microbial-rich
buildups and thinolites (Fig. 5C to E and 14F).

INTERPRETATION AND DISCUSSION

Depositional processes for the buildups

The lakes in the west and east of the Great Basin
accommodate an important diversity of carbon-
ate buildups with respect to size, shape and dis-
tribution. Based on the literature at the Great
Basin scale (Brasier et al.,, 2018; Vennin
et al., 2019; DeMott & Scholz, 2020) and micro-
scopic information provided in Table 1, build-
ups are interpreted as a hybrid of chemically-
induced and biologically-induced carbonates.

In contrast to the buildups in Lake Bonneville
and Great Salt Lake which comprise micro-
bialites (Pace et al., 2016; Bouton et al., 2016a,b;
Vennin et al., 2019), the complex domes and the
thinolite-rich hemispheroid domes in the west-
ern Lahontan lacustrine system are hybrid car-
bonates (Fig. 9). These carbonates are composed
of acicular crystals of calcite (thinolites; Fig. 9A
to C) formed by abiotic precipitation (Shearman
et al, 1989; Trampe et al., 2016). They are
encrusted by dark micritic laminae, including
filaments and diffuse peloids or hybrid
microstructures that consist of cements/fila-
ments or peloids/cements. These crusts are
interpreted as microbial-induced precipitation
similar to crusts described for microbialites in
Lake Bonneville (Vennin et al., 2019), Great Salt
Lake (Thompson et al., 1990; Chafetz & Buczyn-
ski, 1992; Pace et al., 2016; DeMott et al., 2019a,
b; Lindsay et al., 2020; Cohen, 2021) and Mono
Lake (Brasier et al., 2018). The capping crusts,
microbial-rich hemispheroid domes and the col-
umns are mainly composed of microfabrics dom-
inated by filamentous microorganisms (Fig. 9D),
micritic laminae (Fig. 9E), diffuse peloids
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Fig. 10. Aerial view of the carbonate structures mapped using Google Earth Pro software (V7.3.4.8248-16 July
2021, Nevada, USA. © 2021 Google). For location of all the images see Fig. 1C. (A) and (B) Thinolite-rich hemi-
spheric domes distributed along the shores of Winnemucca Dry Lake between 1158 masl and 1180 masl. (B)
Domes distributed along a beach ranging from 1166 to 1168 masl. Eroded hemispheroids exhibit a ring shape
(white arrows). (C) and (D) Capping crusts and microbial domes arranged along shoreline ranging from 1246 to
1280 masl; (D) is a close-up view of a terrace depicted in (C) and shows the organization of small structures
according to the slope gradient. The crust morphologies evolve from microbial hemispheroid domes in very flat
slope along the shore to lobate capping crusts when slope increases. (E) Encrusted rocky promontory on the east-
ern shore of Pyramid Lake; microbial hemispheric domes are observed in flat area of the shore and capping crusts
where the slope increases. (F) Isolated dome and barrel complex structures. (G) Aerial view of the Needle Rocks
columns aligned along faults (North Pyramid Lake; white dashed lines). (H) Lobate crusts encrust the promontory
of Marble Bluff on the south-eastern shore of Pyramid Lake. Crusts seem to flow over the substrate (top to bottom

vertical growth).

organized in clotted fabric (Fig. 9H) or
centimetre-high columns (Fig. 9F). Peloids can
be distinguished from well-rounded faecal pel-
lets by a smaller size and a diffuse contour.
Despite a possible biotic and/or abiotic composi-
tion of the peloidal cements, their proximity to
thin filaments suggests a microbial origin.

External parameters controlling development
of buildups

Substrate controls on microbial-rich carbonate
distribution

Based on the mapping of the buildups, substrate
lithology seems to be a dominant factor control-
ling microbialite development and preservation.
When substrates are loose and dominated by
fine-grained sediments (i.e. altered granodiorites,
shales and lacustrine fine-grained sediments),
no microbialites develop. Typically, cohesive,
firm and stable substrates are favoured over soft
substrates to support formation of microbial car-
bonate deposits (Bouton et al., 2016b; Roche
et al., 2019; Vennin et al., 2019). The solid sub-
strates allow a more rapid and extensive settle-
ment of the microbial mats (Pedley, 2014; Roche
et al., 2019). Weakly altered basalts, andesites,
dacites and rhyolites present at various eleva-
tions are often covered by thin (centimetre-
thick) to thick (decimetre to metre-thick) micro-
bial carbonate crusts (Figs 4, 11 and 14A to C).
The rhyolitic spurs composed of breccia and the
dykes observed the lake bottom can also support
the development of the microbial crusts and
domes (Fig. 14A). On both sides of the Great
Basin, coarse-grained lacustrine sediments, such
as conglomerate debris flows, and isolated erra-
tic blocs are frequently covered by microbial
crusts and associated with centimetre-high col-
umns (Fig. 14G and H). The distribution of the
carbonate buildups can also be driven by the
presence of lobe-shape conglomerates and

terrace, where the conglomerates act as stable
nucleation points. In the Winnemucca Lake,
pipe-like columns protrude through a clast-
supported conglomerate and lacustrine sedi-
ments (Fig. 14H). Their formation results from
groundwater circulation (Fig. 15) and are con-
sidered as venting fluid pipes by DeMott &
Scholz (2020). These pipes are characterized by
the development of clotted and laminated meso-
fabrics related to biologically-induced processes.

In the Lahontan sub-basins, the substrate
lithology and cohesiveness can explain some of
the contrasting distribution of microbial build-
ups in the east (dominated by strongly altered
rocks) and the west (dominated by poorly
altered basalts), which preferentially establish
on firm and stable substrate. In addition to pro-
viding a physical support for microbialite devel-
opment, the substrates, when altered, contribute
to ions necessary for mineralization (Chafetz
et al., 1991; Gradzinski, 2010; Roche
et al., 2018). The buildups composed of thino-
lites are the only ones that develop at the inter-
face of soft sediment and water, because they
are composed of acicular crystals lacking
trapped siliciclastic material (Council & Ben-
nett, 1993; Huggett et al., 2005). Importantly, the
substrate lithology and the granulometry deter-
mine the presence and distribution of buildups,
however, not their morphology.

Physiographical controls on carbonate
morphologies

Physiography is another important controlling
factor, which affects the development and distri-
bution of buildups on the shore of both Pyramid
and Winnemucca sub-basins. On the eastern
side of the Great Basin, Lake Bonneville is domi-
nated by successive, vertically-growing narrow
belts on the edge of the deep lake. The basin
structure is largely shaped by the tectonics
which directed the subsidence (Bouton
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Fig. 11. Small-scale carbonate macrofabrics (A and B; thinolite-rich hemispheroid domes, microbial hemispheroid
domes and capping crusts) and the large-scale carbonate macrofabrics (C and D; complex domes and columns) on
the shore of both Pyramid and Winnemucca sub-basins. Representation of the small-scale macrofabrics (A) and
large-scale macrofabrics (C) in relation to the major elevation sills located according to Benson et al. (2013a,b) and
Adams & Rhodes (2019). The map depicted an aerial view of the study area (NAIP 2019; www.earthexplorer.usgs.
gov). Small-scale (B) and large-scale (D) macrofabrics on Pyramid and Winnemucca sub-basins superimposed on
the geological map background, modified from Nevada Geologic Units GIS data, Stewart et al. (1982); Washoe and
Storey Counties geological map, Bonham Jr. (1969); and Sahwave and Nightingale Ranges Van Buer (2012). The
fault mapping (black lines) is based on seismic data of Anderson et al. (2013) and Eisses et al. (2015). The modern
springs (blue points) are mapped according to their visibility on Google Earth Pro (V7.3.4.8248, Nevada, USA. ©
2021 Google).

Inferred
Fluid Path

Fig. 12. Relationship between the location of faults and the distribution of the large carbonate buildups of Needle
Rocks. (A) Alignment of the Needle Rocks columns along the faults (white dashed lines), north-east of Pyramid
Lake. (B) Evidence of the columns (white dots) and faults (black dashed lines) relationship in an aerial view. The
white line shows the location of a seismic profile obtained by Eisses et al. (2015) during a campaign in 2013, with
red lines showing the location of faults in the subsurface. (C) Carbonate buildups forming an island occurring in
the lake, positioned along the Needle Rocks columns, near a fluid resurgence and overlying a fault.

et al., 2016ab). As discussed by Vennin inducing scarps in the topography (Smith &

et al. (2019), despite a predominantly climatic
control on the distribution of microbial build-
ups, aligned faults and local topographical struc-
tures play a role on their morphology (see fig. 12
in Vennin et al., 2019).

This specific tectonic mechanism can also be
proposed for the Lahontan lacustrine system,
where the sub-basins are shaped by the tectonic
framework of the Great Basin with steep faults,

Bruhn, 1984). In the extensional half-graben
Lahontan sub-basins, the steep slopes are formed
by normal faults, which are particularly common
at the eastern edges of the sub-basins and result
in an asymmetrical basin (DeMott &
Scholz, 2020). This particular geomorphology
explains, in part, the east/west asymmetrical dis-
tribution of various buildups, that increase in
abundance along the western side of the lakes
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Fig. 13. Complex dome structure distribution on the shores of Pyramid Lake and Winnemucca Lake. The dark
purple points indicate the location of domes between 1170 masl and 1190 masl. The light purple points indicate
the location of domes mainly occurring at 1205 masl elevation. (A) Complex domes located near faults (black
dashed line) on the western shore of Pyramid Lake. (B) Complex domes located in the outskirts of fossil deltaic
fan-shaped structures (black dashed line) on the shore of Winnemucca Dry Lake. The coloured lines represent the
level of the main terraces (green line: Mud Lake sill, blue line: Emerson sill, purple line: Darwin sill and orange
line: Lake Lahontan high stand) according to Benson et al. (2013a,b) and Adams & Rhodes (2019). The contempo-
rary prings (blue points) are mapped according to their visibility on Google Earth Pro (V7.3.4.8248 (16 July 2021)
Nevada, USA. © 2021 Google).

(Fig. 11). On the banks of both Pyramid Lake and
Winnemucca Lake, the steepness of slopes
increases with increasing elevation. Typically,
the areas with the gentle slopes (<10°) are con-
fined to the lower levels of the watershed, and
the higher elevations are marked by slopes of up
to 90°, except on terraces. The slope directly
affects the shape and location of buildups: on
higher elevations, from 1174 to 1330 masl with
the steep slopes (above 30°), only capping crusts
are found. Similar slopes are present on banks
and edges of rocky spurs, where only crusts occur
(Fig. 16A). The slope also impacts morphology of
buildups (Fig. 4): on the steepest slopes that are
almost vertical, the capping crusts form either

drapes or “bird’s-nest” structures, which overlap
one another (Fig. 4B and C). Where the slope
slightly decreases (between 10° to 30°), the crusts
are more lobate and ‘flow’ over the substrate
(Figs 4A and 10H). This ‘flowing’ appearance is
similar for the lobate crusts that form below the
terraces and on multi-metre sized columns and
complex domes (Fig. 6A to C). On gentle to mod-
erate slopes (<10°) and flat terrace surfaces, the
microbialites establish hemispheroid domes that
align in belts along the shorelines (Fig. 10C and
10D). Thus, the changes in morphology of the car-
bonate buildups are strongly correlated with the
slope determined by the inherited physiography
(Fig. 16A).

Fig. 14. Nature of the different substrates and their role on the development of buildups (see Fig. 1C for location).
(A) Planar capping crust developed on a vertical basaltic wall. (B) Detail of a large development of planar and
lobate capping crusts upon a rhyolitic substrate. (C) Poorly-developed carbonate crusts upon altered granodiorite,
producing arenite. (D) Capping crusts developed upon mineralized faults in the front. No crusts are observed on
the metamorphized mudstone-shales in the back. (E) Capping crusts and hemispheroid microbial domes devel-
oped upon conglomerate in the Winnemucca Dry Lake. (F) Draping planar capping crusts develop upon a colum-
nar carbonate substrate (interpreted as a chimney). (G) Encrusting microbial crust developed on rhyolitic breccia
forming a spur on the lake bottom. The spur is covered by a complex microbial dome. (H) Small-scale (circular-
pipe) columns cross-cutting the conglomerates and organized as coalescent structures.
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Fig. 15. Model of different fluid inputs along faults and springs associated with groundwater recharges and runoff
or surface flow; the microbial-rich structures are distributed close to the springs, along the faults and the shore of
the lake. Integration of seismic profile obtained by Eisses et al. (2015) during a campaign in 2013 and a topograph-

ical profile from Google Earth (V7.3.4.8248, Nevada, USA. © 2021; X2 vertical exaggeration).

Accommodation space control of carbonate
structure distribution

Figure 16 summarizes changes in water eleva-
tion and the distribution of the different carbon-
ate buildups. The size and morphology of
the carbonate buildups are also controlled by
the accommodation space and fluctuation in the
base level depending on climate and tectonics
(Della Porta, 2015; Bouton et al., 2016a,b). The
distribution of carbonate buildups is also deter-
mined by the water depth and typically follows
the shoreline (Figs 11, 15 and 16). Microbially-
mediated precipitation, shown by stable isotope
and organic geochemical evidence (DeMott &
Scholz, 2020; this study), is a biotic control
which potentially dictates the buildup develop-
ment. Oxygenic photosynthesis is a key metabo-
lism in microbialite development, which
suggests another potential control on buildup
development, such as the light availability and

nutrients (Visscher et al., 2022). Photosynthetic
CO, fixation enhances the nucleation of carbon-
ate minerals by fixing CO, and increasing pH
(Visscher et al., 1998; Dupraz et al., 2009; Arp
et al., 2012). Changes in water depth can control
the light available for photosynthesis.

When the water level fluctuates, predomi-
nantly thin microbial crusts form on vertical
walls (Vennin et al, 2019). The planar and
lobate crust morphologies thus likely indicate
increase or decrease in water level. The planar
capping crusts (Fig. 4C to E), with 1330 masl as
the upper limit of distribution, line the cliff wall
when the lake level recedes. The lobate “bird’s-
nest” structures frequently develop on the pla-
nar crusts, indicating a subsequent increase in
water level until a platform was reached
(Fig. 4B and 4C). The development of these plat-
forms ultimately reached the elevation of a ter-
race, in this case to the level of the Darwin sill.

Fig. 16. Illustration summarizing the distribution of the main carbonate structures (see Table 1 for detailed
description) on the shores of the Lahontan: Pyramid-Winnemucca (A) and Bonneville and GSL (B) lakes. The dis-
tribution of the carbonate deposits is juxtaposed with the elevation of the main terraces and associated with the
evolution of the water level since 30 kyr cal Bp; the colour of the carbonate structures corresponds to the colour
used for mapping (Figs 11 and 13). (A) The lake level curve (blue curve) and the elevation of the terraces are
based on Adams & Rhodes (2019) and Benson et al. (2013b); the box plots show the slope interval for each struc-
ture (CC: capping crust, C: column, CD: complex dome, MHD: microbial hemispheroid dome, THD: thinolite-rich
hemispheroid dome). (B) The lake level curve (blue) and the elevation of the terraces are based on Oviatt (1997,
2015), Murchison (1989), Patrickson et al. (2010) and Vennin et al. (2019).
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During periods of lake level stabilization
microbial-rich hemispheroids developed as belts
along the shore and grew following a progressive
increase in accommodation (Fig. 16A). The pres-
ence of comparable small-scale hemispheroid
domes in both lakes, at the same elevations
(from the Astor Pass sill to just below the
Adrian Valley sill) suggests a connection
between the two sub-basins, at least until they
were isolated by the Mud Lake Slough sill
(1177-1183 masl) about 3 ka (Fig. 11A and 11B;
Adams & Rhodes, 2019). The presence of more
buildups in the sills than in terraces may be
related to increasingly severe hydrodynamic
conditions in narrow areas (Pedley, 2000;
Arenas-Abad et al.,, 2010; Roche et al., 2019).
Ring-like hemispheroids have preferentially
been preserved along palaeoshorelines and are
believed to require some degree of exposure and
recurrent emersions (Bouton et al., 2016b; Van-
den Berg, 2019). The taller hemispheroid domes
are preserved better and most likely developed
deeper in the sublittoral zone characterized by
higher accommodation space. These largest
hemispheroids grow on flooded topographic
highs (for example, spurs and deltas). The upper
limit of the water level elevation can be esti-
mated from the maximum vertical development
of the buildups, until the formation of an ero-
sion or emersion surface, i.e. when the buildups
reach the water surface (Bouton et al., 2016a,b;
Roche et al., 2018; Vennin et al., 2019, 2021). A
similar distribution of the hemispheroids and
crusts is found along the shorelines of the Bon-
neville and GSL phases (Fig. 16B; Bouton
et al, 2016b; Vanden Berg, 2019; Vennin
et al., 2019). The larger sublittoral microbial bio-
herms mainly developed on topographic relief
in the eastern Great Basin (Baskin et al., 2021).
In the Lahontan sub-basins, the tallest buildups
(columns and complex domes) require a high
accommodation space and follow an increase in
water elevation up to the Darwin sill as pro-
posed by Benson (1994).

Large-scale carbonate structures link with
groundwater circulations and faults

The columns and complex domes are the largest
carbonate buildups in both Pyramid and Win-
nemucca sub-basins. They are absent in the east-
ern Great Basin (Fig. 16A and 16B), where only
capping crusts and peloidal cements formed
in narrow belts on the terraces and vertical
cliff walls of Lake Bonneville. The largest

microbialites that developed during the GSL
phase are the metre-thick columns in the distal
part of the lake (Fig. 8E to H; Bouton
et al, 2016b; Vanden Berg, 2019; Vennin
et al., 2019; Baskin et al., 2021). In the Lahontan
lacustrine system, columns are generally found
at low elevation, associated with soft lacustrine
sediments, and do not grow along the
palaeoshorelines. The complex domes are often
found along shorelines and aligned with the
lake flanks. Both types of buildups in the two
sub-basins are associated with normal faults
(Figs 10G, 11C, 11D, 12A and 14). The column
alignments strictly overlap with faults, but in
contrast, the distribution of complex domes is
restricted to faults or linked to springs (Fig. 13A
and 13B).

Fluid circulation evidence and current
groundwater springs
The juxtaposition of faults and buildups has
motivated speculation that tectonics plays a
role in the mineralization processes and,
consequently, consider these structures as
groundwater-related carbonates (Benson
et al., 1995; DeMott et al., 2019b). Similar to Lake
Abhé (Dekov et al., 2014), Lake Afdera (Schaegis
et al., 2021) and Mono Lake (Brasier et al., 2018),
the faults may enable the upward circulation of
fluids to the surface and form large structures
(Benson, 1994; DeMott et al., 2019b; DeMott &
Scholz, 2020). The local groundwater resurgences
support the construction of large buildups, and
when the flow is diffuse, it favours the formation
of smaller structures that are spread out over lar-
ger areas (Benson et al, 1995; Forrest & Mel-
wani, 2003; Prol-Ledesma et al.,, 2004; Forrest
et al., 2005; DeMott et al., 2019b; DeMott &
Scholz, 2020). However, even if a link between
faults and the carbonate production could exist,
no robust evidence for this has been found in the
Pyramid and Winnemucca sub-basins. In the for-
mer sub-basin, Benson et al. (1995) and Ben-
son (1994) showed that the large carbonate
constructions are systematically associated with
springs along the shore. Some complex columnar
and dome structures thrive where contemporary
springs discharge cold (Popcorn Rocks; Cool-
baugh et al., 2009), or hot (Needle Rocks; Arp
et al., 1999 and Pyramid Rocks; Coolbaugh
et al., 2009), waters or are associated with deep
hydrothermal systems that are not visible (Astor
Pass; Vice et al., 2007).

The large carbonate structures of both Win-
nemucca and Pyramid sub-basins often have
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small-scale pipes in complex domes as well as
at the core of columns (Fig. 6). Theses pipes are
interpreted as fluid circulation conduits for
spring discharge (Coolbaugh et al., 2009). This
allows Ca®" rich fluids to mix with the lake
water, causing localized supersaturation of car-
bonates that could result in mineralization (Ben-
son et al., 1995; this study, Table 2). The
growth of the carbonate buildups is thus vertical
and could account for the large size of some of
the columnar structures. As long as the colum-
nar structures are submerged, the mineraliza-
tion, and thus the growth, of these structures is
supported. In contrast, when the lake level is
lower than the highest part of the structure, the
mixing zone cannot form and vertical expansion
of the column ceases. The limited available dat-
ing (Benson et al., 2013b; DeMott et al., 2019b)
suggests that mineralization occurs during the
period of lake level rise (starting at 45 kyr cal
BP) as well as during periods of highstands (un-
til 15 kyr cal Bp, Figs 2 and 16A). Estimates for
the age of the Needle Rocks columns indicate
that the development of these structures pro-
gressed as the lake level rose, until the maxi-
mum height of 1270 masl was reached. The

Lacustrine deposits in the Great Basin 31

stabilization of the water level in the lake,
marked by the Darwin sill at 1265 masl, likely
impeded further chimney growth (Fig. 16A).
The dating of the barrel-shaped structures at
Blanc Tetons, Pelican Point and Popcorn Rocks
(Benson et al., 1995), and their relation to the
water level curve (Fig. 2), indicates that these
large-scale buildups formed when the water
level was high. In addition, numerous smaller
structures with internal pipes were found in
conglomerate deposits and in deltaic sediments
(Fig. 14H). The development of these features is
the result of water discharges through porous
sediments, supported through a fossil circula-
tion system. In Winnemucca Lake, the tall col-
umns occur less frequently and are aligned
along blind faults parallel to the visible fault
pattern. Regardless of the mode of circulation,
groundwater flow coincides with deep normal
faults (Vice et al., 2007; Kratt et al., 2010; Dekov
et al.,, 2014; Cukur et al, 2015). Accordingly,
tectonic processes are required to produce the
large carbonate structures (Vice et al., 2007;
DeMott et al., 2019b), a scenario which is sup-
ported by seismic and mineralogical observa-
tions (Fig. 12).

Table 2. Physico-chemical composition of the Great Salt Lake (GSL): lake, tributaries, springs and Pyramid Lake:

lake, river, hot and cold springs.

Mean

[Ca*] (mgL™") (km®yr ™)

Water flow
References

Bonneville Great Salt 300
lacustrine  Lake
system Rivers
Weber River 61.62
Bear River 64.24
Jordan River 112.47
Springs Average 271.4
Lahontan Pyramid 8.42
lacustrine  Lake
system Rivers
Carson 10
Humboldt 38
Quinn 30
Susan 10
Truckee 8.82
Walker 34.4

Hot springs
Needles spring 172.3

Needle Well 228.4
Cold springs

Popcorn Rock 8.4
Pelican Point 3.2

— Bouton et al. (2020)

1.28
2.44
1.39

— Visher (1957);
Benson and Leach (1979);
Benson (1994); Benson et al. (1996);
0.454 Mohammad and Tempel (2019)
1.009
0.036
0.085
0.725
0.379

0.0002
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Seismic and chemical evidence of the influ-
ence of faults and springs on carbonates dis-
tribution and fabrics.. Tectonic activity and
faulting have been studied more extensively in
Pyramid Lake than in the other lakes of the
Lahontan lacustrine system. In part due to
geothermal surveys, the location of faults is par-
ticularly well-documented in Lake Pyramid
(Figs 11B, 11D and 15; Coolbaugh et al., 2007,
2009, 2010). Data in Eisses et al. (2015) for Pyra-
mid Lake showed numerous north/south trend-
ing normal faults with fluid circulation, both
along the shoreline and across the lake. When
superimposed on the maps of carbonate struc-
tures, these faults show a correlation of the
large-scale deposits with geodynamic activity. A
clear relationship between faults and the distal
carbonate structures of Needle Rocks could be
identified along line D01L01 (Eisses et al., 2015;
Figs 12 and 17). However, the origin and compo-
sition of the fluids (i.e. groundwater recharge
versus a hydrothermal input) that have perco-
lated through this fault system is unknown. The
numerous gas pockets in the seismic data of
Pyramid Lake were presumably produced by
microbial degradation of organic matter (Eisses
et al., 2015). It is possible that these gases dif-
fuse upward through the sediments or vent
through a fault network and enhance carbonate
precipitation.

In the Winnemucca sub-basin, the presence of
columns is usually associated with faults, but
the distribution of complex domes, which domi-
nate the flexural margin of the half graben, is
not. These buildups occur at two specific eleva-
tions (around 1170 to 1190 masl: dark purple
circles on Fig. 11; and 1195 to 1220 masl: light
purple circles), where they are associated with
springs and aligned in front of fan-deltas that
support a specific groundwater flow path. The
springs are constrained between bedrock and
the alluvial deposits (mean elevation approxi-
mately 1270 masl) in the western margin and
favour the direct fluid path. In the eastern mar-
gin, the presence of the springs at higher eleva-
tion (1300 masl and upward), above bedrock/
alluvial limit, does not support a specific fluid
path. DeMott & Scholz (2020) propose a compa-
rable  diffusion, along  stratigraphically-
controlled groundwater flow path as a driver for
the development of some buildups (Figs 13B
and 17). This scenario is applied to both south-
eastern and western margins of Pyramid Lake
where the complex domes develop on spring-

related faults and in front of a delta (Fig. 13B).
The development of complex domes is similar
to that of crusts and hemispheroids and coin-
cides with a period of stillstand corresponding
to the elevation of Mud Lake and Emerson sills,
respectively. In contrast to the small-scale build-
ups, formation of complex domes coincides with
spring groundwater discharges and develop on
or close to terraces. During the Bonneville and
GSL phases, deltas mainly offer a substrate for
microbialite development, especially that of
crusts and microbial hemispheroid domes
(Fig. 16B).

A mass balance approach (Bouton et al., 2020)
showed that the amount of carbonate precipita-
tion in GSL depends on the Ca*" input by the com-
bined tributaries. As proposed by
Richardson (1906) and Bouton et al. (2020), the
low concentration of Ca*" in the water column of
the lake does not explain the large amount of cal-
cium carbonate stored in the sediments. This
implies that the residence time of the ions in the
water column is short and precipitation of CaCOj3
or, alternatively, scavenging by EPS (Dupraz &
Visscher, 2005) take place rapidly. Bouton
et al. (2020) estimated that a similar amount of
calcium was delivered by the rivers and was ulti-
mately stored as carbonates in the basin. In Pyra-
mid Lake, the concentration of Ca%" is also very
low (8.42mgl ') and, as in GSL, does not
explain the calcium carbonate stored in the sedi-
ments (see Table 2 and Appendixes S1 and S2).
In contrast to the GSL tributaries, the delivery of
calcium by the Truckee River to Pyramid Lake is
very low (Benson & Peterman, 1996; see Table 2
and Appendixes S1 and S2). Estimates for Pyra-
mid Lake and Winnemucca Lake, for the last
10 ka show a deficit of Ca*" between river deliv-
ery (approximately 64 Mt) and Ca*" stored in the
carbonate sediments (approximately 156 Mt).
During the fossil period corresponding to com-
plex dome growth (approximately 10 ka; see
Appendix S1), the Lahontan lacustrine system
shows a smaller deficit of Ca®" between river
delivery (approximately 1.54 Gt) and Ca*" stored
in the carbonate sediments (approximately 4.17
Gt). Calculations herein (see Appendixes S1 and
S2) show that the ratio of calcium inputs by rivers
and calcium stored in sediments are 2.4 and 2.7,
respectively, for the modern and fossil period. In
contrast to the values proposed by Bouton
et al. (2020) for the GSL, the Lahontan Lake Sys-
tem records a significant deficit in calcium
between river inputs and that stored in
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Fig. 17. Model proposed for the formation of thinolite-rich buildups. (A) Contemporary distribution of the
thinolite-rich structures in Winnemucca sub-basin. (B) Model showing the conditions during the precipitation of
the thinolite precursor (ikaite?) constructing complex domes; close view of the acicular crystal distribution within
the domes (C) and (D) and their vertical evolution into microbial-rich layers organized as multi-millimetres thick
columns, branches and micrite layers (C). (E) Conditions for precipitation of the precursor (ikaite?) forming
thinolite-rich hemispheroid domes under evaporation and close up view of the crystal of thinolite encrusted by
microbialites (F). (G) and (H) Detailed views of the microbialite encrusting thinolite composed of scalenohedral
calcite crystals replacing a precursor (ikaite?, H).

sediments, especially since these estimates do
not take into account the Ca** stored in buildups.
An additional influx of Ca*" that is needed to
close the mass budget can be explained by
groundwater influxes from hydrothermal and
non-hydrothermal sources as proposed by Benson
(1994), Matsubara & Howard (2009) and DeMott &

Scholz (2020). This sub-surface supply currently
accounts for approximately 10% of the total water
inputs to the Pyramid Lake sub-basin (Ben-
son, 1994), providing more than two thirds of the
total calcium, and may even have been greater in
the past. As stated before, groundwater provides
ions that upon mixing with lake water can
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support  carbonate  precipitation (Bouton
et al., 2020) and form the buildups. The amount
of Ca*'stored in the tallest buildups located in the
vicinity of faults (i.e. 0.463 Mt in Needle Rocks) is
lower than the Ca*" released by the groundwater
(ca 1.23 Mt) during the time it took for these
structures to grow (approximately 30 ka). The
excess of Ca*" delivered by groundwater added to
the lake water column and could have precipi-
tated as carbonate mud. The absence of large-
scale structures in the eastern Great Basin (GSL
phase) could therefore be explained by a lower
subsurface water flow estimated, contributing
only 2 to 3% of the total water input (Hahl &
Langford, 1964). The Ca*" availability appears to
be the limiting factor for the carbonate precipita-
tion, whether transported by surface streams as in
the GSL, or by large groundwater influxes as in
Pyramid Lake.

Mineralogical evidence for groundwater circu-
lation. The authors argue that the particular
mineralogy of the Lahontan lacustrine system
results from specific fluid circulation patterns
and fault distribution. Thinolite is one of the
major components of calcite in large-scale struc-
tures in both Pyramid and Winnemucca sub-
basins but is absent in the eastern Great Basin.
This crystalline phase is considered to form cal-
cite pseudomorphs after ikaite (Shearman
et al, 1989; Bischoff et al, 1993a; Ludwig
et al., 2006; Bates et al., 2010; Zhou et al., 2015;
Purgstaller et al., 2017). The precipitation of
ikaite occurs at water temperatures between 0°
and 4°C (Shearman et al., 1989; Bischoff
et al., 1993b; Benson, 1994; Huggett et al., 2005;
Zhou et al., 2015; Brasier et al., 2018; DeMott &
Scholz, 2020) and with elevated concentrations
of dissolved orthophosphate (Benson, 1994) or
linked to hydrothermal activity (Bischoff
et al., 1993a,b; Ludwig et al., 2006), when hot
and cold fluids mix in a marine or lacustrine
environment (Bischoff et al., 1993b; Council &
Bennett, 1993; Ludwig et al., 2006; Bates
et al., 2010; Brasier et al., 2018). Consequently,
formation of calcite pseudomorphs after ikaite
depends on the local water composition. A high
Mg/Ca ratio transforms ikaite into aragonite,
whereas a low Mg/Ca ratio results in a pseudo-
morphism into calcite (Purgstaller et al., 2017).
In the carbonate buildups observed on the
shore of both Pyramid and Winnemucca sub-
basins, the presence of thinolite crystals, up to
multi-decimetres in size (Fig. 7A to F), is a mar-
ker for mixing of diffuse groundwater and cold

lacustrine waters (DeMott & Scholz, 2020). Thi-
nolites are present in complex domes but absent
in chimneys, in Winnemucca Lake and Pyramid
Lake, which argues for diffuse groundwater
rather than direct hydrothermal feeding along
the vent, although their size is dependent on the
calcium availability (Fig. 17 and Table 2).

Not all thinolite-containing structures are asso-
ciated with complex domes in the Lahontan lacus-
trine system. Numerous hemispheroid domes
along the Winnemucca shoreline have acicular
thinolite crystals encrusted by branching micro-
bialites (Figs 5A to D and 9A to C). They are found
at the lowest water elevations and form several
gentle-sloped shore belts, between 1158 masl and
1180 masl. These shorelines are dated to ages of
<4 kyr (Figs 11, 15 and 16A; Adams &
Rhodes, 2019). Pipes are absent and their spatial
distribution is not directly related to faults or
springs. During the late Holocene, the lake experi-
enced repeated fluctuating water levels with a
maximum elevation at 1199 masl due to climate
variations. The late Holocene dry period resulted
in a rapid decrease in water level from 1195 masl
to 1155 masl between 2.8 and 1.85 kyr cal Bp
(Mensing et al., 2013; Adams & Rhodes, 2019). At
this time, the Winnemucca basin was isolated and
no longer fed by Pyramid Lake. Reduced rainfall
during this period of high aridity (Mensing
et al., 2013) did not compensate for the evapora-
tion and resulted in increased ion concentrations.
Adams & Rhodes (2019) proposed that Lake Win-
nemucca was an evaporitic lake when the water
level was below 1183 masl, which may have sup-
ported the formation of thinolite-rich hemi-
spheroid domes found between 1158 masl and
1180 masl along the shoreline. Therefore, thinolite
may have formed in lake water high in Ca®*" and
HCO;™ or orthophosphate concentrations (Ben-
son, 1984; Bischoff et al., 1993a,b) resulting from
intense evaporation instead of from groundwater
inputs (Fig. 17, Table 2).

Despite the same climate history and similar
water level fluctuations with highstands and low-
stands coinciding with the Pleistocene and the
Holocene (Mensing et al., 2013), thinolites are
absent in both Lake Bonneville and GSL (Fig. 2).
The deep Lake Bonneville with steep margins
and a low groundwater influx did not support
the development of large-scale complex domes
and columns. Great Salt Lake is comparable to
the Lahontan sub-basins with respect to the
physiography, but a shallow depth, high salinity
(Spencer et al, 1984) and low calcium and
orthophosphorate concentrations did not support
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ikaite precipitation and transformation into cal-
cite (Shearman et al., 1989; Bischoff et al., 1993a,
b). In summary, as proposed in our novel con-
ceptual model (Fig. 17), when the proper
physico-chemical conditions are met, thinolites
can form either near groundwater springs or
aligned along the shoreline during intense evapo-
ration.

CONCLUSION

A comparison between the eastern (Lake Bon-
neville/Great Salt Lake) and western (Pyramid
and Winnemucca Lakes) Great Basin provides
novel insights into the controls for hybrid bio-
tic/abiotic buildup formation during the Pleis-
tocene and the Holocene periods. Detailed
mapping and petrographic characterization of
the carbonates show that:

1 The substrate plays a role in the distribution
of various carbonate buildups: firm, stable and
cohesive substrates (dominated by poorly altered
basaltic rocks) playing physical and chemical
roles in buildup development. The presence of a
firm substrate depends on the preservation of
watershed lithologies that register low weather-
ing, the presence of specific sedimentological
structures such as gravity flow deposits and
upon previously established buildups.

2 The physiography of the basin influences the
carbonate distribution: in the deep Lake Bon-
neville, carbonate crusts form in restricted narrow
belts. Similar carbonate structures developed dur-
ing a high-water level in Pyramid Lake and Win-
nemucca Lake upon terraces and vertical walls.
The wide lateral distribution of crusts and domes
in the shallow Great Salt Lake is due to a flat bot-
tom geometry. In the Lahontan lacustrine system,
the half-graben configuration determines the car-
bonate distribution with large complex domes on
the flexural margin. This configuration also con-
trols the distribution of the different flow path-
ways along groundwater springs related to faults
and in front of fan-shaped delta.

3 The climate and water level fluctuations gov-
ern the distribution, the size and the morphol-
ogy of the buildups: on both sides of the Great
Basin, the buildups (domes and crusts) are
aligned along the shorelines, and their vertical
distribution reflects the fluctuations of the lake
level over time. In addition, the size and mor-
phology of the buildups are also determined
by accommodation, with the taller buildups
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towards the basin centre, suggestive of an
increase in accommodation space.

4 Tectonic controls on the carbonate buildups
distribution, and the direction of groundwater
flow: in the Great Salt Lakes, synsedimentary
faults controlled an aligned distribution of
microbialites generating local topographic highs
and lows. In the Lahontan lacustrine system, the
taller columns and some of the complex domes
are typically aligned with the faults and fed by
Ca-rich groundwaters.

5 A mass balance of Ca®*" shows that this reac-
tant limits CaCOj precipitation in the water col-
umn: estimates performed for the western and
eastern Great Basin show that all of the calcium
supplied by the rivers is precipitated as carbon-
ates in the GSL basin, but that the river inputs
are insufficient to explain the amount of carbon-
ate deposited in the Lahontan system, and nota-
bly in the Pyramid basin. Since the Pleistocene,
an additional input is probably provided by
groundwater, as indicated by the presence of
large carbonate structures close to the springs
and estimates of the Ca®" released.

6 Groundwater chemistry influences the biotic
versus abiotic carbonate precipitation processes
by locally increasing the Ca®*" and HCO;~ concen-
tration: thinolites, observed only in the Lahontan
lacustrine system, form when the appropriate
physico-chemical conditions are met, along
groundwater fed fault systems or aligned with the
shoreline during intense evaporation.

In contrast to the small-scale buildups that
developed along the shorelines, the large columns
and complex domes in the Pyramid Lake and Win-
nemucca Lake are mostly determined by fault-
controlled and spring-related groundwater influ-
xes at the termination of fan-shape delta. These
taller buildups result from a combined interplay of
stratigraphically-related and fault-related ground-
water fluxes and increasing water levels resulting
from climate change. The contrast in size and dis-
tribution of the carbonate buildups at the scale of
the Great Basin, opens new perspectives in the
storage potential of carbon in modern times con-
trolled by hydrothermal inputs providing ions,
and enhancing carbonate production.
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