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ABSTRACT

The Bonneville Salt Flats form a saline pan in western Utah, USA. This
modern saline pan has a unique history of land-speed racing and potash
mining. Multi-decadal measurements record decreasing evaporite volume
and extent, spurring multiple environmental studies. The goal of this work
is to describe saline pan evaporite morphologies within the context of envi-
ronmental measurements. Environmental data include field observations,
groundwater and dust trap samples, precipitation, albedo, time-lapse photog-
raphy, groundwater level, and temperature measurements of air, groundwa-
ter and the shallow evaporite crust. Petrographic data include thick sections,
evaporite slabs and sediments, and X-ray computed tomography of evapor-
ites. Diverse halite morphologies are formed at the surface, vadose and
phreatic zones. The presence and preservation of these morphologies are
influenced by spatially heterogenous natural and anthropogenic processes,
including daily to seasonal changes in brine salinity, mineral saturation
states, and water level within and across saline pan stages. In addition to
hydrological balances delineated by the saline pan stages of flooding, evap-
oconcentration and desiccation, changes in vertical brine movement, temper-
ature and surficial sedimentary structures influence evaporite morphologies.
These results are transferable to the interpretation of altered evaporites and
enhancing saline pan depositional models.

Keywords Brine, diagenesis, evaporates, petrography, saline pan, salinity,
syndepositional.

INTRODUCTION

The Bonneville Salt Flats (BSF), Utah, USA, is a
saline pan composed of bedded halite and gyp-
sum sand (Fig. 1). Competing land uses have
motivated studies and characterizations of this
dynamic landscape since 1960 (e.g., Bowen
et al., 2017, 2018b). Multi-decadal decreases in
saline pan thickness and extent leave questions
about the role of natural and anthropogenic pro-
cesses in altering the evaporites and how evap-
orite sedimentary structures are changed by
prolonged periods of dissolution. Petrographic
examination of evaporites paired with

environmental measurements help to address
these questions.

Evaporite minerals and depositional records
are highly sensitive to environmental conditions.
Petrographic and process-based studies of saline
pans aid interpretation of evaporite morpholo-
gies. Saline pans are typically dry settings, with
evaporite deposits that are influenced by stages
of flooding, evapoconcentration, and desiccation
(Fig. 2; Lowenstein & Hardie, 1985; Bowen et al.,
2017). Evaporites contain fluid inclusions that
preserve the depositional temperature, atmo-
spheric composition, and fluid composition and
pH from their environment of formation (Fig. 3A;
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Fig. 1. Overview of the Bonneville Salt Flats and surrounding areas. (A) Location of the Bonneville Salt Flats in
the Great Salt Lake Desert, Utah. The Great Salt Lake is north-east of this desert. Salt Lake City (white star) is ca
150 km east of the Bonneville Salt Flats. A drainage divide separates the Newfoundland Basin and Bonneville Salt
Flat watersheds. Surface mineralogy consists of halite, gypsum, carbonate muds and mixed alluvium (autumn
2016 satellite imagery; Nolan, 1927; Wold & Waddell, 1994; Bowen et al., 2017; Radwin & Bowen, 2021). (B) Over-
view of Bonneville Salt Flats setting, thickness and sample locations (after Bowen et al., 2018b). Note the potash
mine to the south, mine ditch to the east and the arcing Salduro Loop berm at the centre of the saline pan. The
saline pan is bounded by the Wendover Graben (dark blue lines; Smith et al., 2012). (C) Highly vertically exagger-
ated cross-section A — A’ interpreted from eight cores (Bowen et al., 2018b). The surface and sediments dip to the
north-west. The water table (dashed blue line; September 2016) is highest near the centre of BSF, which spatially
coincides with the thickest surface halite layers. The saline pan aquifer is hosted in saline sediments. The under-
lying lacustrine aquifer is hosted in carbonate mud sediments. Time lapse imagery was collected at the weather
station, the south-east dust trap and well BLM-37.

Rosasco & Roedder, 1979; Roedder, 1984a,b; Roberts & Spencer, 1995; Goldstein, 2001;
Lazar & Holland, 1988; Davis et al., 1990; Lowenstein, 2012). Fluid inclusions also preserve
Dubessy et al., 1992; Goldstein & Reynolds, 1994; biological material. Petrography constrains the
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origin and guides the interpretation of fluid
inclusions for palaeoenvironmental investiga-
tions. Furthermore, petrographic studies help
delineate past fluid flow within evaporite beds,
which is critical for siting infrastructure locations
for industrial and radioactive waste, oil and gas
storage, and carbon sequestration (Powers & Has-
singer, 1985; Putnis & Mauthe, 2001; Dashtian
et al., 2018).

This work describes the evaporite depositional
sequence, syndepositional petrographic features
and environmental processes at BSF. This
research builds upon decades of saline pan sedi-
mentological research (Lowenstein & Hardie,
1985; Hovorka, 1987; Casas & Lowenstein, 1989;
Li et al., 1996; Benison & Goldstein, 1999; Beni-
son et al., 2007). Although these results are
focused locally on the data-rich BSF, they
describe evaporite morphologies and environ-
mental processes applicable to saline pan depo-
sitional models and saline pan deposits’
interpretation.

BACKGROUND

Setting

The Bonneville Salt Flats is located in the Great
Salt Lake Desert subbasin (on traditionally
Newe/Western Shoshone and Goshute lands),
part of the Basin and Range physiographic pro-
vince (Fig. 1A; Dickinson, 2006). The Great Salt
Lake Desert, Great Salt Lake, Utah Lake, and
Sevier subbasins comprise the Bonneville basin.

In the late Pleistocene, the Bonneville basin
was filled by Lake Bonneville, which rose from
30 to 18 cal ka BP to cover a third of Utah
(Spencer et al., 1984). As water levels fell from
18 to 11.6 cal ka BP, isostatic rebound raised the
topographic threshold between the Great Salt
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Lake and Great Salt Lake Desert subbasins (Crit-
tenden, 1963; Oviatt, 2015). Only once since ca
11.6 cal ka BP have the two subbasins been
hydrographically connected (Oviatt, 2014; Oviatt
et al., 2015). Tt is unclear when evaporite accu-
mulation at the Bonneville Salt Flats first
occurred (Eardley, 1962).

The Great Salt Lake Desert contains two
watersheds, the Newfoundland Basin watershed
to the north and BSF watershed to the south
(Fig. 1A). The Bonneville Salt Flats is the only
naturally occurring saline pan with a persistent
halite crust within the Great Salt Lake Desert
(Nolan, 1927; Wold & Waddell, 1994; Radwin &
Bowen, 2021). BSF is bounded by the Silver
Island Mountains’ alluvial fan to the west/north-
west, lacustrine mudflat to the east, and a
potash mine and major interstate highway to the
south. A north-east/south-west trending graben
bounds BSF (Fig. 1B; Smith et al., 2012).

Anthropogenic activities impact sediments by
compacting them, removing solutes and altering
BSF’s hydrology. Since 1906, railways dissected
and isolated BSF from most of its watershed to
the south (Fig. 1A; Kipnis & Bowen, 2018). The
hydraulic gradient from adjoining areas used to
flow towards BSF. From 1960 to 2016, ground-
water levels decreased near water extraction
sites, reversing subsurface flow from a recharge
source to a discharge source (Lines, 1979; Mason
& Kipp, 1998; Kipnis & Bowen, 2018). Brines
have been harvested from BSF for salt produc-
tion since 1907. Mined solutes account for an
estimated third of the observed decrease in sal-
ine pan volume since 1960 (Kipnis & Bowen,
2018). Racing events started in 1914 and now
bring tens of thousands of visitors to BSF annu-
ally (Noeth, 2002; Bowen et al., 2018a). Most
summers, the crust is compacted to prepare
extensive racetracks. The Salduro Loop berm
isolates a portion of BSF from racing and limits

desiccation

water table

Fig. 2. Generalized schematic of flooding-evapoconcentration-desiccation hydrological stages at the Bonneville
Salt Flats. Modified from Lowenstein & Hardie (1985). Wind also impacts the location of surface waters.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



4 . Bernau et al.

primary and secondary fluid
inclusion assemblages

10 ym B

curving fluid inclusion
assemblages

7 50um [ ¢~ & 100pm

= b o O . y T

o o

0

cuboid fluid inclusions

AL

1cm

overgrowth cement crystals cavity-filling halite

p Tem " /

displacive halite

~]sand |:|fluid inclusion area <—growth direction

A
A
I:I halite - void

Fig. 3. Fluid inclusions, fluid inclusion assemblages and common primary and diagenetic halite crystal mor-
phologies. Schematics have different scales and are oriented with stratigraphic up at the top of the page. Arrows
demarcate growth direction. (A) Single-phase and multi-phase primary cuboid-shaped fluid inclusions in halite
with all-liquid, liquid-vapour and liquid-vapour-solids compositions. (B) Primary and secondary fluid inclusion
assemblages. (C) Primary curving fluid inclusion assemblages developed over a partially dissolved surface (after
Roedder, 1984). (D) Millimetre-scale cumulate crystals. (E) Millimetre to centimetre-scale chevron and cornet crys-
tals. (F) Small, 50 to 200 pm wide, efflorescent crystals with faint fluid inclusion assemblages. (G) Clear euhedral
halite cement overgrowths terminating into voids. The crystals’ faint fluid inclusion-rich centres may be chevron
remnants (after Casas & Lowenstein, 1989). (H) Cavity-filling halite with growth towards cavity centre. Rounding
of crystals from dissolution and overgrowth (after Li et al., 1996). (I) Displacive halite crystals with random crystal
orientation, faint fluid inclusion assemblages and incorporation of sediment into crystals (after Casas & Lowen-
stein, 1989).

surface and subsurface fluid flow (Fig. 1B). Min-
ing companies added ca six million net tonnes
of NaCl as halite-undersaturated brine to BSF
from 1997 through to 2020 (White, 2002; Kipnis

the surface is flooded, to 0.08 to 0.5 mm day_l,
when the surface is desiccated (Turk, 1973;
Lines, 1979; Mason & Kipp, 1998). Wind influ-
ences surface fluid movement, and sediment

& Bowen, 2018; Kipnis et al., 2020).

Several natural processes impact BSF’s sedi-
ments. Meteoric precipitation and evaporation at
BSF influence groundwater level fluctuations
and flooding-evapoconcentration—desiccation
stages (Bowen et al., 2017). Maximum evapora-
tion is estimated at 1.3 to 3.0 mm day_l, when

accumulation, ablation and reworking (Bowen
et al., 2017; Kipnis & Bowen, 2018). The surface
extent of ponded waters and halite were docu-
mented at BSF from 1986 to 2015 (Bowen et al.,
2017). Surface ponding is concentrated at the
western margin of BSF, but wind-blown waters
can extend rapidly across the entire saline pan

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



(Bowen et al., 2017; Craft & Horel, 2019). Aeo-
lian gypsum and oolitic carbonate sand are con-
centrated in sediments at the saline pan’s edge
(Jones, 1953; Eardley, 1962; Bowen et al.,
2018a).

Bonneville Salt Flats evaporites

Stakeholder concerns over the extent and thick-
ness of saline pan sediments motivated measure-
ments of saline pan sediment thicknesses five
times from 1960 to 2016 (Christiansen et al.,
1962; McMillan, 1974; Brooks, 1991; White &
Terrazas, 2006; Bowen et al., 2018b; Kipnis &
Bowen, 2018). The volume of BSF saline pan
deposits decreased by 28% from 1960 to 2016
(ca 56 million tonnes; Bowen et al., 2018b). The
saline crust’s surface extent generally decreased
from 1986 to 2015 (ranging from 156 km* to
72 km?; Bowen et al., 2017).

The Bonneville Salt Flats’ stratigraphic archi-
tecture and evaporite bed thickness were mea-
sured in September 2016 with 69 shallow cores
(30 to 220 cm deep; Bowen et al., 2018b; Kipnis
& Bowen, 2018). Halite beds are thickest at the
centre and taper to the edge of the lens-shaped
evaporite package (Fig. 1C). Two-thirds of saline
pan deposits at BSF consist of gypsum sand
(Bowen et al., 2018b). The thickest surface halite
deposits occur in the area surrounded by and to
the north-east of the Salduro Loop berm (Fig. 1
B; Appendix A). The saline pan overlies lami-
nated aragonitic lacustrine deposits and gypsum
with carbonate mud (Fig. 1C; Bowen et al.,
2018b). In the lacustrine sediments, the aquifer
is highly-permeable, halite undersaturated, and
decreases in salinity away from the saline pan’s
centre (Turk, 1973; Lines, 1979). An environ-
mental DNA-based microbial census of BSF sed-
iments found a high biomass microbial
community concentrated in shallow (<30 cm)
halite and gypsum layers (McGonigle et al.,
2019).

Saline pan evaporite sediments

Evaporite morphologies related to each saline
pan stage are reviewed here (Lowenstein &
Hardie, 1985; Casas & Lowenstein, 1989; Li
et al.,, 1996). The results of this work build
upon these descriptions of syndepositional
morphologies. Assemblages of genetically
related fluid inclusions aid interpretation of
evaporites. Primary fluid inclusion assemblages
form concurrently with crystal growth and

Early saline pan diagenesis 5

record rapid growth as cloudy, inclusion-rich
layers, and slow growth as transparent, inclu-
sion-poor layers (Roedder, 1984a; Benison &
Goldstein, 1999). Growth banding defined by
primary fluid inclusion assemblages is parallel
to crystal faces or, when it develops over par-
tially dissolved surfaces, curving (Fig. 3B and
C; Roedder, 1984a; Goldstein et al., 1994). Sec-
ondary fluid inclusion assemblages form after
crystal growth, along healed fractures and
deformation surfaces (Fig. 3B).

Crystals are altered by dissolution concen-
trated at the surface and vadose zone during the
flooding stage. Horizontal dissolution surfaces
form at the saline-pan surface, truncate bottom-
growth crystals, and are overlain by detrital
sediment or halite overgrowths. Dissolution of
surface evaporite layers concentrates authigenic
and detrital gypsum, creating gypsum layers.
Evaporite structures and water table level influ-
ence pore morphology. Vugs develop at the
water table, beneath shelter voids, and at layer
boundaries (Lowenstein & Hardie, 1985). Verti-
cal dissolution pipes form between bottom-
growth crystals in the vadose zone and are
limited in height and quantity by the groundwa-
ter depth, bedding thickness and degree of dis-
solution (Shearman, 1970; Lowenstein & Hardie,
1985; Li et al., 1996; Schubel & Lowenstein,
1997; Holt & Powers, 2011; Taj & Aref, 2015).
Sand or mud can line or fill pores. Cement crys-
tals are rounded by phreatic zone dissolution
(Casas & Lowenstein, 1989; Li et al., 1996).

Cumulate, chevron and cornet halite crystals
form during the evapoconcentration stage. The
morphology of halite crystallized from ponded
water is controlled by water depth and evapora-
tion rate (Southgate, 1982; Lowenstein & Hardie,
1985). Sub-millimetre to millimetre-scale platy,
hollow pyramid and cubic cumulate crystals
form within the water-column as individual
crystals or at the air-water interface as crystal
aggregates. During periods of rapid evaporite
growth randomly oriented cumulate crystals are
preferentially deposited (Fig. 3D; Dellwig, 1955;
Shearman, 1970; Arthurton, 1973; Lowenstein &
Hardie, 1985). Chevrons and cornets are mil-
limetre to centimetre-scale vertically oriented
competitive crystals with dense primary fluid
inclusion banding (Fig. 3E; Shearman, 1970;
Arthurton, 1973). Upward-pointing chevrons
and flat-topped cornets form in shallow waters
at the sediment-water interface.

During the desiccation stage the crust buckles
and deforms, efflorescent crystals develop on

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology
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the surface, and diagenetic halite cement crys-
tals form in the subsurface. Efflorescent crusts
develop from evaporating groundwater or
reworked halite dust and consist of micron-scale
crystals (20 to 100 pm) with faint primary fluid
inclusions (Fig. 3F; Hunt, 1966; Smoot & Cas-
tens-Seidell, 1994; Taj & Aref, 2015). Preserved
efflorescent crusts, although rare, are microcrys-
talline or consist of interlocking millimetre-scale
crystals (Benison & Goldstein, 2001; Bobst et al.,
2001). Experimental studies indicate that pore-
filling halite cement develops in near-surface
sediments in the vadose and phreatic zone con-
currently with efflorescent growth, with smaller
pores filling before larger pores (Nachshon et al.,
2011; Eloukabi et al., 2013).

Most halite cements develop beneath the
water table. Halite cement can crystallize
because of brine temperature changes, evapora-
tive concentration or brine mixing (Hsu &
Siegenthaler, 1969; Raup, 1970; Valyashko,
1972; Gornitz & Schreiber, 1981). Pore-filling
euhedral halite cement overgrowths are gener-
ally clear with few fluid inclusion assemblages
(Fig. 3G; Hardie et al., 1985; Casas & Lowen-
stein, 1989). Primary crystals are replaced under
repeated cycles of dissolution and overgrowth
crystallization. In contrast to vertically oriented
chevron crystals, cavity-filling halite crystals
have faint primary fluid inclusion assemblages
and growth directed towards a cavity centre
(Fig. 3H; Li et al, 1996). Clear randomly ori-
ented displacive halite crystals with fluid-inclu-
sion-rich  patches develop in fine-grained
matrices, disturbing bedding and incorporating
host sediment as solid inclusions (Fig. 3I; Gor-
nitz & Schreiber, 1981; Casas & Lowenstein,
1989; Benison & Goldstein, 2001).

METHODS AND MATERIALS

Environmental, field and laboratory measure-
ments and observations were used to describe
evaporite morphologies and environmental pro-
cesses. Saline pan surface observations were
made with time-lapse-cameras (Brinno TLC200,
Taipei, Taiwan; Axis Communications web cam-
era, Lund, Sweden) and regular site visits
(Appendix A). Weather station measurements of
surface and shallow subsurface temperatures,
incoming and outgoing radiation, and meteoric
precipitation were used to constrain environ-
mental conditions and saline pan stages (Fig. 1
B; Appendix B). Using the methods of Craft &

Horel (2019), the crust’s albedo was used to
measure surface moisture changes (Appendix B).

Pressure-temperature data loggers were placed
in shallow wells to record changes in water
level and temperature (Fig. 1B; U20L-04 and
U20L-01, Onset, Bourne, Massachusetts, USA;
Appendix C). One well (BLM-93C) was screened
within the saline pan. All other wells were
screened within the underlying lacustrine-
sediment-hosted aquifer. The hydraulic head for
co-located wells BLM-93C and BLM-93 was
corrected for density and used to measure local
vertical hydraulic gradients (Post et al., 2007;
Appendix C). Brine density and temperature
were measured in the field (Densito 30PX, Met-
tler Toledo, Columbus, Ohio, USA). Brine quasi-
salinity and degree of halite saturation were
calculated with an adaptation of Sirota et al,
&’s (2016) methods (Appendix D). Quasi-salinity
(630) is computed from brine density at 30°C
(kg m~3; Anati, 1999). The degree of halite satu-
ration (in quasi-salinity units) was calculated by
subtracting the density of a brine sample at field
conditions from the density of that sample equi-
librated with halite at the same temperature.
The effect of temperature on the degree of halite
saturation was also measured (Appendix D).
Four dust traps modelled after Reheis & Kihl
(1995) collected sediment for 1.2 to 2.5 years
(Fig. 1B; Appendix E). Sediments collected with
dust traps were analysed with an optical micro-
scope and weighed.

Surface and subsurface evaporite slab samples
were collected during the desiccation stage in
2016 and 2017 (Appendix F; Bowen et al,
2018b). Prior years, 2014 and 2015, were very
wet (Bowen et al., 2018b). Forty-six large-format
thick section slabs (0.1 to 3.0 mm thick) and one
small format thin section were prepared from
ten sites. Nine surface sites were sampled to
cover a range of surface conditions across BSF
(Fig. 1B). Sites varied in crust thickness, flood-
ing frequency, water table depth, and surface
use. Three subsurface samples (30 to 80 cm
depth), two with corresponding surface samples,
were collected. Subsurface samples were limited
by sample quality and the spatial extent of halite
below 30 cm depth.

Surface crust blocks were collected using a
reciprocating saw and crowbar. Subsurface sam-
ples were collected with a continuous track-
mounted vibracore and free-standing vibracore
(Fig. 6A). Samples were wrapped with a poly-
ethylene wrap to maintain their structural integ-
rity and desiccated for several months at room

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



temperature. Samples were cut with a dry rotary
saw and examined. Thick section slabs impreg-
nated with pink (rhodamine B), blue (blue
supra; to accentuate pores) or clear epoxy, dou-
bly polished, and mounted on glass slides using
minimal water or heat (mineral oil fluid, Wagner
Petrographic, Utah, USA; Appendix F). Cleaved
halite chips were examined to confirm that fea-
tures did not originate from sample preparation.

Crystal morphology in thick section slabs were
examined with photomosaic images made with
a Zeiss Axio Imager.M2m microscope (Carl Zeiss
AG, Oberkochen, Germany) with 25X magnifica-
tion, reflected, plane-transmitted, and cross-po-
larized illumination. Small, millimetre to
micron-scale features, such as fluid inclusion
assemblages, were characterized with an Olym-
pus BX53M microscope equipped with an ultra-
violet-visible (UV-vis) light source (Olympus
U-RFL-T, Tokyo, Japan; 20 to 1000x magnifica-
tion) with plane transmitted, cross-polarized
and UV-vis light using a Leica camera (MC 120
HD, Buffalo Grove, Illinois, USA). Relative ele-
mental concentrations of layers were previously
confirmed using portable X-ray fluorescence
spectroscopy (Bowen et al., 2018b). Halite and
gypsum were differentiated with optical extinc-
tion, cleavage planes and crystal habit. Sand
grain composition, size and shape from thick
section slabs and cores were analysed to con-
strain the structure and origin of gypsum sand
beds (Appendix G).

Eight bedded halite samples were measured
with X-ray computed tomography (CT; Zeiss
Volumax and Zeiss Xradia High-Resolution
Micro CT; Appendix H). The program FIJI was
used to characterize sample morphology and
porosity (Schindelin et al., 2012).

RESULTS

Environmental measurements

Environmental measurements were used to pro-
vide a context for sedimentological interpreta-
tions by constraining the types, size, timescales
and spatial heterogeneity of syndepositional pro-
cesses at BSF (Appendices B to E).

Surface moisture

Precipitation and albedo provide measures of
surface moisture (Appendix C, Fig. 4A; Craft &
Horel, 2019). Autumn 2019 precipitation raised
water levels, but the surface pond partially
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desiccated in November, raising albedo. The sur-
face remained wet in the winter with increased
rainfall and low evaporation. In late winter/
spring, as evapoconcentration and surface desic-
cation advanced, newly deposited halite was
exposed, increasing surface albedo. Albedo pla-
teaued during the desiccation stage, only
increasing slightly after new efflorescent crystals
formed after rain in October 2020.

Water level, temperature, quasi-salinity and
degree of halite saturation

Groundwater measurements document seasonal
and daily cycles in temperature, water level and
quasi-salinity (Figs 4 and 5). The groundwater
measurements discussed here span from the rel-
atively dry period of September 2019 to Decem-
ber 2020. July 2020 was selected to show daily
fluctuations in groundwater levels and tempera-
tures because it has the highest potential evapo-
transpiration (Bowen et al., 2017).

Temperatures vary across groundwater, air,
and the shallow crust (Figs 4B and 5A). The
average temperature of the shallow crust (10 cm)
was slightly warmer and less variable than the
air. In the summer, the difference in groundwa-
ter temperature between the surface and 2 m
depth was up to 10°C. In the winter this differ-
ence decreased to <3°C (Fig. 4B). Diurnal
groundwater temperature fluctuations decreased
with depth (<1°C below 50 cm depth; Fig. 5A).

Groundwater levels changed spatially and tem-
porally (Figs 4C and 5B; Appendix C). Surface
flooding maintained high water levels in the cen-
tral part of the saline pan (BLM-93, BLM-93C
and BLM-37) more than the eastern edge (BLM-
34; Fig. 4C). From June to August 2020, water
levels remained within 10 cm of the surface near
BSF’s centre, and fell sharply near the brine
removal ditch at BSF’s eastern edge (BLM-34)
where the effect of brine removal was marked.
After pumping ceased BLM-34’s groundwater
levels rapidly increased by ca 10 cm (Appendix
C). Water levels near the centre of BSF dropped
much more (30 cm) from September to November
2020 than they did in the preceding desiccation
period; groundwater temperatures also decreased.
There was a seasonal difference in the density-
corrected hydraulic head between BLM-93C,
screened in saline pan sediments, and the co-lo-
cated BLM-93, screened in the underlying lacus-
trine sediments (Figs 4C and F). In the winter,
regardless of surface moisture, there was a down-
ward hydraulic gradient. In the summer, the
hydraulic gradient and flow were upward.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology
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Environmental Measurements
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In July, the water level in BLM-93C, the well
screened in saline pan sediments, varied daily
by 6.1 cm on average (Fig. 5B). This significant
change in water depth across the day at BLM-
93C coincides with daily temperature changes of
ca 6°C in the shallow crust. Peaks and troughs
in crust temperature and water level coincided
(Fig. 5).

Brine sample salinity and degree of halite sat-
uration varied with well depth, location and

Fig. 4. Environmental measurements of temperature,
water level and quasi-salinity from September 2019 to
December 2020 (Appendices B, C and D). Months
denoted at base. Measurements made with weather
station (A) and (B), pressure-temperature loggers (B),
(C) and (F), and brine samples (D) and (E). Data gaps
originate from limited site access and data logger stor-
age capacity. (A) Measures of water availability at the
surface: total monthly meteoric precipitation and
monthly average albedo. High albedo is indicative of
low surface moisture and new halite growth. Different
saline pan stages demarcated with dashed lines. (B)
Average monthly temperature of air, crust (10 cm
depth) and BLM-93’s groundwater (32 to 204 cm
depth). Key for (C) to (E) at figure base. (C) Average
monthly water level fluctuations across four wells (see
Fig. 1B). The water level of BLM-93 (co-located with
the shallower BLM-93C) is adjusted to equivalent head
at a reference density of 1.2 g cm-3 to make hydraulic
head measurements comparable between BLM-93 and
BLM-93C (Appendix C). (D) Quasi-salinity at 30°C of
brine samples from wells. Lines added to (D) and (E)
to highlight trends. (E) Degree of halite saturation in
quasi-salinity units. Measurement error of +1 kg m™®
for (D) and 42 kg m~? for (E) (quasi-salinity) shown as
vertical black lines behind markers. (F) The difference
in density-corrected hydraulic head between BLM-93
and BLM-93C shows a downward hydraulic flow gra-
dient in the autumn to winter and an upward hydrau-
lic gradient in the spring to summer.

time (Figs 4D and F; Appendices C and D).
Changes within brine composition in lacustrine-
sediment-screened wells can inform interpreta-
tion of halite alteration and brine movement
between the saline pan and underlying aquifer.
Brines from BLM-93C, in contact with evaporite
sediments, had the highest quasi-salinities and
were consistently at or near halite saturation
(within measurement error of 42 kgm™).
Experiments indicate that the degree of halite
saturation change would be <1.5 kg m™® (quasi-
salinity) for a 10°C temperature change (Appen-
dix D). The quasi-salinity of wells screened in
underlying lacustrine sediments changed by less
than 3 kg m™ throughout the year (Fig. 4D). In
brines from the lacustrine-sediment aquifer, the
degree of halite saturation generally increased
throughout the unusually long 2020 desiccation
stage (Fig. 4E).

Dust traps

Dust traps accumulated non-soluble material at
a depositional rate of ca 150 mg m™? day™' or
3.3 mm/100 years (Appendix E). Dust traps
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Fig. 5. Average diurnal fluxes in temperature and
water level in July 2020. (A) Average daily air, shal-
low crust and groundwater (well BLM-93) tempera-
ture fluctuations. (B) Average daily groundwater level
fluctuations in BLM-93C, which is screened within
saline pan sediments. The daily high-water level in
BLM-93C coincides with the daily peak in crust tem-
perature (10 cm depth). The daily change in water
depth in other wells is not discussed because they are
not screened within saline pan sediments.

collected very-fine sand to silt-sized carbonate
clumps (60%, abraded to rounded aragonite
crystals, rod-shaped faecal pellets), gypsum
grains (20%, abraded crystals), clay and mafic
minerals (10%), and organic material (insects,
10%). Dust trap accumulation rates were highest
on the western side of BSF and lowest on the
eastern side. Silt-sized particles, especially car-
bonate material, were a minor portion (<1% vol-
ume) of saline pan sediments.

Early saline pan diagenesis 9

Surface observations

Field and time-lapse observations constrained
the timescales and distribution of growth and
alteration of surficial evaporites and sedimentary
structures (Appendix A).

Flooding stage

Time-lapse cameras document dissolution, first
of efflorescent crusts, followed by cumulate,
chevron and cornet crystals (Appendix A). Dis-
solution created a smooth surface with rounded
to flat crystals. During extended flooding peri-
ods, centimetre to metre-scale dissolution pits
developed in areas with thinner surface halite
(1 to 2 cm thick). Dissolution pits preferentially
formed near efflorescent ridges and pressure
buckles. The crust at the edge of the saline pan
regularly dissolved. During the study period, the
surficial saline crust at BSF’s centre only par-
tially dissolved. Dissolution was concentrated
along polygonal fractures and pressure buckles.
Dissolution was brief, on an hourly scale, or
extended several days after a rain event, indicat-
ing a lag in brine reaching equilibrium with the
halite crust. During winter, the surface pond
fluctuated between dissolving halite and precipi-
tating cumulate crystals.

Large circular (10 to 30 cm wide) raised (3 to
10 cm) distributed (several metres) blisters
formed during surface ponding in thin halite
crust areas (1 to 3 cm thick). A blister had
smoothed partially dissolved crystals on top of
it and cumulate crystals and insect bodies encir-
cling it. Newly crystallized chevron and cumu-
late crystals were deposited in the area. The
blister surface, near the race track, was planar
during the desiccation stage in September; blis-
ters appeared in December 2017, after a 15-day
period of flooding and evapoconcentration. The
partially dissolved crystals and the crystal
growth encircling blisters indicate blisters
formed during surface ponding, and falling
water levels exposed blister tops before waters
reached halite saturation.

Evapoconcentration stage
Cumulate rafts formed on the surface and were
transported by wind. Rafts developed within
days of a flooding event and at the end of the
evapoconcentration stage. Rafts accumulated
near raised features and the pond’s edge.
Chevron and cornet crystals also could
develop within days of surface flooding. Ran-
domly distributed clumps of bottom-growth
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crystals ranged in size (1 to 15 cm). Bottom-
growth crystals >1 cm wide could crystallize
within a few hours. Bottom-growth crystals pref-
erentially developed on raised features such as
the crust near polygonal fractures.

Desiccation stage

Pressure buckles and efflorescent crusts and
ridges developed during the desiccation stage.
Efflorescent growth rates were high in the first
days of the desiccation period and then
decreased. Efflorescent growths had several
forms: popcorn halite, distributed patches and
efflorescent ridges. Popcorn halite occurred as
irregularly spaced finely-crystalline botryoidal
nodules (2 to 30 mm wide). Popcorn halite
could grow rapidly. Some efflorescent florets
increased in size by ca 30% over 30 min
(Appendix A). Very large (10 to 30 cm wide)
popcorn nodules occurred on the edge of the
saline pan. Distributed (30 to 100 cm spacing)
efflorescent patches preferentially occurred
above former dissolution pits. Patches could
expand in diameter by >20 cm day~'. Efflores-
cent ridges occurred along cracks associated
with pressure buckles and polygonal fractures.
Ridges increased in size throughout the desicca-
tion stage. The tallest ridges developed over the
largest polygonal fractures. Efflorescent ridge
growth occurred primarily on either side of a
fracture, but not in a narrow interval immedi-
ately above it. Wind-blown sediment preferen-
tially accumulated along raised ridges.

The surface expression of halite crusts varied
across BSF (Appendix A). The crust thickness
and age correlate with its surface expression.
Polygonal pressure buckles developed at the
edges where the halite crust was thin and dis-
solved every year. Polygon diameter could vary
year to year from 0.5 to >3.0 m. Near the centre
of BSF the surface changed from relatively flat
with small discontinuous buckles (<15 cm tall,
near D-35) to large efflorescent ridge-filled polyg-
onal fractures (1 to 3 m wide polygons; near D-
60). Areas with relatively flat, one to three cen-
timetre thick crust were flooded longer than
sites with polygonally-fractured crust (Craft &
Horel, 2019). The crust in areas with polygo-
nally-fractured crust was thicker (ca 4 to 15 cm
thick) and older (several flooding-evapoconcen-
tration—desiccation cycles) than the crust in
other areas.

A cross-section across a large polygonal frac-
ture revealed that the crust was altered beneath
and adjacent to fractures (Fig. 6B). The void

beneath a fracture expanded with depth and
was filled by detrital sediment and small ran-
domly-oriented halite crystals (0.2 to 1.0 mm
wide). The fractured layer of bedded halite was
separated from the underlying continuous
unfractured layer by a porous interval with gyp-
sum. The bedded halite laterally adjacent to the
fracture was altered by horizontal voids that
connected to the fracture.

Suspect organic material coated near-surface
bedded halite and gypsum layers (Fig. 6B;
Appendix F). The material varied in colour
throughout the year from pink, green, black and
yellow during the desiccation period to tan and
black during the flooding stage. In thick section,
amorphous to spherule-shaped suspect organic
material was clear to yellow in plane-polarized
light. Like organic material in other systems, it
fluoresced golden yellow to blue under UV-vis
illumination (Mormile & Storrie-Lombardi, 2005;
Conner & Benison, 2013).

Petrographic observations

Petrographic observations of primary bedded
evaporites, dissolution features and diagenetic
overprints were integrated to develop a synde-
positional history of BSF evaporites. Local pro-
cesses impact variations in sample morphology
and layer thicknesses (Tables 1 and 2).

Primary bedded evaporites

Primary bedded evaporites are the subject of
many evaporite palaeoenvironmental studies,
and their fabrics influence the morphology of
dissolution and diagenetic overprints. Primary
halite crystals were partially identified by their
well-defined parallel primary fluid inclusion
assemblages (Fig. 9A). At BSF, the average pri-
mary fluid inclusion in primary halite was 2
to 5 ym wide and all-liquid. Some primary
fluid inclusion assemblages in cumulate and
chevron and cornet crystals had inclusions
that averaged 10 um wide. Cumulate crystals
occurred as hollow cubes with indented faces
(1 to 2 mm diameter, some >5 mm) with well
to faintly defined primary all-liquid fluid
inclusion assemblages. Loosely layered cumu-
late rafts created porous millimetre-scale pla-
nar voids (30 to 45% porosity; Fig 8B).
Porosity in primary bedded evaporite layers
was reduced beneath racetracks. Surface sam-
ples (<1 to 2 cm depth) near racetracks had an
average off-track porosity of 34%, while on-
track porosity was 19% (Appendix H).
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Fig. 6. (A) Polygonal fractures filled by efflorescent ridges (arrow) occur in areas with a thicker (ca <4 cm,
Appendix A) surface halite layer. Vibracore drill rig in the upper right (7 September 2016 at D-60). (B) Cross-sec-
tion of halite crust across a large polygonal fracture similar to (A). Note the horizontal vugs (arrows on right),
downward-widening brown altered area (centre), vertical dissolution pipes (white arrows) and areas that are green
and pink from microbial communities (left black arrow; 9 September 2020 at BLM-37).

Chevron and cornet crystals varied in size
from 3 to 10 mm wide (average 5 mm, up to
15 mm). Approximately ten per cent of large pri-
mary fluid inclusions (>30 ym) were two-phase
vapour-liquid inclusions; their vapour to liquid
ratios were consistent within individual fluid
inclusion assemblages. Five per cent of large pri-
mary fluid inclusions were two-phase liquid—
solid inclusions with accidental bladed
birefringent crystals. The youngest, relatively
unaltered layers of bottom-growth crystals had
low porosity (10 to 15%) relative to other BSF
halite layers (Fig. 8B and C). Bottom-growth
crystal layers varied in thickness (Table 2; Fig. 7
A, B and D). Recent chevron and cornet layers
were thinnest on the eastern side of BSF (2016)
and thickest in the area inside the Salduro Loop
berm (2016) and beneath the racetracks (2017).

Efflorescent crusts consisted of randomly ori-
ented small (50 to 200 pm, some <25 pum) euhe-
dral halite crystals with sparse primary fluid
inclusion assemblages (Fig. 9B). Large (<20 pm)
primary fluid inclusions in efflorescent halite
were subcubic. Approximately one out of every
four large inclusions were two-phase, either lig-
uid-vapour or liquid-solid. Three-phase liquid—
solid—vapour inclusions were rare. Because
these crystals form subaerially, vapour in fluid
inclusions may be atmospheric. Efflorescent
crusts had high primary intercrystalline porosity
(45 to 50%; Fig. 8). Only halite crystals were
optically differentiated in the efflorescent layer,
the mineralogy of trace (<5% volume) silt to

clay-sized amorphous and birefringent grains
was not identified.

Gypsum sand layers varied in thickness
(Table 2). Faint silty lamina were visible in some
layers (Fig. 7A). Bottom-growth gypsum crystals
that would indicate in situ growth were absent.
However, rare gypsum splays occurred in voids.
Gypsum grain size generally increased with depth
from fine-grained to very fine-grained sand at the
surface to coarse sand to very coarse sand at the
base of saline pan sediments (Appendix G). Trace
carbonate ooids occurred within gypsum sand
beds. Upper gypsum beds were well-sorted and
consisted of pitted and rounded to subangular
grains. In contrast, lower gypsum beds were mod-
erately sorted and consisted of angular grains.

Dissolution features

The morphology of halite dissolution features is
influenced by the volume of dilute fluid input,
its movement and groundwater levels. Dissolu-
tion was concentrated at the surface and at
pre-existing intercrystalline voids and crystallo-
graphic weaknesses. Maximum void size gener-
ally increased with depth in the upper 30 cm of
the crust; it then decreased as diagenetic halite
filled pores. Small gypsum crystals (2 to 10 pm
wide) and suspect organic material lined some
dissolution surfaces (Fig. 11B).

Bedded halite layers in hand samples and
thick-sections contained clear to tan horizontal
dissolution surfaces that truncated underlying
crystals (Fig. 7B and D). Horizontal dissolution

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



12 J. Bernau et al.

Table 1. Descriptions of sediment types identified at the Bonneville Salt Flats.

Sediment type Textures Description Figure examples
Primary bedded  Efflorescent crusts Efflorescent halite crystals 7A, 9B
evaporites Cumulate halite Cumulate halite crystals 7B

Chevron and cornet halite Chevron and cornet halite crystals with 7A, 7B, 7D, 9A, 10

no to minor clear halite cement
overgrowths, horizontal dissolution
surfaces, tubular dissolution features
Gypsum sand Detrital and authigenic gypsum sand, 7A
minor detrital carbonates

Altered bedded  Bedded halite with secondary Chevron and cornet halite crystals with 7B, 7D, 11
halite porosity and halite cement clear halite cement overgrowths,

dissolution pipes, vugs and blocky tubule-

dissected crystals

Remnant bedded Halite cement crystals with Subhedral to euhedral halite cement 7C, 7F, 12, 13
halite secondary porosity and crystals with remnant chevrons and
remnant chevrons cornets, abundant curving fluid inclusion

assemblages, rare cavity-filling crystals,
minor dissolution pipes and vugs, gypsum
in some intercrystalline voids

Halite in gypsum Random halite crystals in Gypsum sand (halite cemented or 7E
gypsum matrix uncemented) with randomly oriented
halite cement crystals

Primary bedded evaporites form at the surface. Altered bedded evaporites contain primary bedded evaporites, sec-
ondary pores and halite cement. Remnant bedded halite primarily consists of halite cement crystals. The transi-
tion between sediment types is gradational.

Table 2. Surface sample (Fig. 1B) layer thicknesses.

Layer thickness (mm)

Sediment type and textures D-12B D-35 D-45 D-54 D-56  D-60 OffTr1 OnTr1 OffTr3

Efflorescent crusts 3 6.9 6.3 5.2 6.2 2.6 1.3 8.5 1.6
Cumulate halite 2 10.6 NA 1.2 7.6 2.5 4.4 NA NA
Chevron and cornet halite 1 12.7 11.1 5 15 17 13.2
Gypsum sand 32.7 1.2 NA NA NA NA 41.3 33.5 9.5
Altered bedded halite NA 41.9 41 58.5 63 60 - - 10
Gypsum sand NA NA NA 37 4 1 - - 11
Altered bedded halite NA NA NA NA 32.2 41.4 - - 13.7
Remnant bedded halite 67.3 18.1 67 15 - - - - -
Halite in gypsum 20 - - - - - - - -
Remnant bedded halite 30 — - - - - - - -

Sediment type and, where helpful, textures, are listed in order of occurrence from the surface to the sample base.
If a layer was not present at a site, it is listed as NA. Cumulate and chevron crystals were intermixed at D-56 and
D-35; as such, their collective thickness is listed.

surfaces were sharply (planar) to diffusely tubular dissolution features. Horizontal dissolu-
defined (eroded crystal edges; Figs 7B and 10B) tion surfaces became increasingly poorly defined
and contained detrital material and micron-scale with depth.
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At BSF, vertical dissolution pipes truncated
the edges of chevron crystals, rarely branched,
and each pipe had relatively consistent widths
(Figs 6B, 7D, 8A, 11A1, and B). Vertical dissolu-
tion pipes in uppermost layers were constrained
to one bedded evaporite layer and were 0.5 to
4.0 mm wide and circular in cross-section. With
increasing depth, dissolution pipes became
wider and vertically extended across layers.

Vugs at BSF were millimetre to centimetre-
scale and were identified by their nonuniform
shape, which was equant to horizontally exten-
sive, and variable in width and depth. Vertical
dissolution pipes became sub-vertical and devi-
ated away from the broadest part of larger vugs,
indicating that vugs pre-date vertical dissolution
pipes (Figs 7D and 8A). Some vugs contained
internal pillars (Fig. 7D). Gypsum sand and halite
cement crystals partially filled large centimetre-
scale vugs in the northern part of BSF (Fig. 7C).

Early saline pan diagenesis 13

Fig. 7. Representative examples of depositional and
diagenetic textures at BSF from thick section and slab
samples. All panels are oriented with the top of the
page as stratigraphic up and have the same scale —
except for (E) which is magnified. Sample location
name is shown at the top of each panel. The pink col-
our in (B) and (C) is from rhodamine B dye in epoxy.
The top of (A), (B) and (D) is at the surface of the
saline pan. (A) Primary bedded evaporates in thick
section sample from On Track 1 (OnTr1) in cross-po-
larized light with clear epoxy. (B) Primary and
slightly altered bedded evaporites in thick section
from D-54 in plane polarized light. Crystal morpholo-
gies become increasingly poorly defined with depth.
(C) Remnant bedded halite thick-section with gyp-
sum-lined vugs and halite cement crystals in plane
polarized light (from D-12B). (D) to (F) Samples from
D-35 that are not stratigraphically contiguous. (D) Slab
sample showing the transition from primary bedded
halite to altered bedded halite. The large upper vug
has pillars in it (white arrow). Dissolution pipes near
the vug are sub-vertical and deviate away from the
vug centre. (E) and (F) Thin sections of halite cement
crystals and gypsum in from ca 40 to 63 cm depth.
(E) Randomly oriented halite cement crystals (black)
in gypsum matrix in cross-polarized light (ca 40 cm
depth). (F) Halite cement crystals with secondary
pores (blue epoxy), remnant bedding (horizontal gyp-
sum layer) and intercrystalline gypsum (55 to 63 cm
depth). Left side of (F) is in plane polarized light,
right side is in cross-polarized light.

Microscopic tubules differed from dissolution
pipes in scale and morphology. Tubules
branched at sharp angles near crystallographic
weaknesses, voids and fluid inclusions within
crystals (Figs 10A and 11). Tubules at BSF ran-
ged from 20 to 100 um wide and were increas-
ingly present with depth in shallow altered
bedded halite layers. Many tubules contained
suspect organic material and bladed gypsum
crystals. Tubule concentrations increased at hor-
izontal dissolution surfaces in both underlying
and overlying crystals. With increasing depth,
tubules dissected chevron and cornet crystals,
creating a fragmented fabric of smaller crystals
(100 to 500 ym wide; Fig. 11). Tubules did not
occur in deeper layers of remnant bedded halite.

Diagenetic evaporites

Diagenetic halite formed from halite saturated
groundwaters. Cement crystals occurred as euhe-
dral to rounded overgrowths and void and cav-
ity-filling crystals. Older crystals underwent
multiple cycles of partial dissolution and over-
growth. Primary fluid inclusion assemblages in
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Fig. 8. X-ray computed tomography (CT) porosity
data of crust from D-54. Stratigraphic up is at the top
of the page. Saline pan-surface occurred at sample
top. Porosity is shown as (A) a binary slice, (B) cumu-
lative values averaged horizontally, (C) and as total
porosity with depth. Black areas denote lower poros-
ity, while light areas denote higher porosity. This
sample’s bulk porosity is 29% (+£5%).

diagenetic halite were fainter and more curved
than those of primary bedded halite; average
fluid inclusion size was also smaller, ranging
from 1 to 3 um wide, indicating slower growth
rates.

Small (0.2 to 1.0 mm) loose aggregated subhe-
dral to euhedral void-filling halite cement crys-
tals occurred in millimetre to centimetre-scale
vugs connected to the surface, such as those
adjacent to polygonal efflorescent ridges (Fig. 6).

Detrital material coated void-filling crystals. The
microscopic void-filling crystals with their faint,
parallel primary fluid inclusion assemblages
were larger than, but resembled, efflorescent
halite crystals. Microscopic void-filling halite
was not identified in bedded evaporite layers
below 15 cm depth.

Halite cement overgrowths filled pores within
and outside of pre-existing crystals. Overgrowth
cement was generally clear. Some cement over-
growths contained faint distributed primary
fluid inclusion assemblages with large
(>200 pm) fluid inclusions.

Halite cement crystals typically contained
multiple primary curving fluid inclusion assem-
blages. Curving primary fluid inclusion assem-

blages at BSF were subparallel three-
dimensional thin layers (50 to 200 um wide) of
clear halite with faint, crystallographically

aligned, predominantly single-phase all-liquid
small cuboid fluid inclusions. Curving primary
fluid inclusion assemblages occurred at the con-
tact between partially dissolved crystals and
halite cement overgrowths. Some vertical disso-
lution pipes were partially filled by halite
cement overgrowths with multiple curving
assemblages (Fig. 12B). Curving primary fluid
inclusion assemblages along all sides of voids
indicates growth in the phreatic zone. Younger,
curving primary fluid inclusion assemblages
truncated older assemblages, indicating multiple
periods of dissolution and crystallization. Indi-
vidual curving primary fluid inclusion assem-
blages may represent growth on surfaces eroded
by dissolution or growth rate changes in cement
crystals.

Large millimetre to centimetre-scale vugs con-
tained subhedral crystals (1 to 5 mm wide) with

Fig. 9. (A) Cornet and (B)
efflorescent crystals in plane
polarized light and oriented with
stratigraphic up at the top of the
page. (A) Cornet crystal with
well-defined fluid inclusion
banding (from D-45). Pink epoxy
(rthodamine B dye) used. (B)
Efflorescent halite crystals with
faint fluid inclusion assemblages
(from OnTr1). Clear epoxy used.
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Fig. 10. Dissolution features in relatively unaltered bedded halite layers imaged with plane polarized light. (A)
Branching tubular dissolution features (arrow) in cornet crystal (from D-35). (B) Minor truncation surface in chev-
ron crystal (arrow; from D-45). Grey lines added to highlight growth banding of fluid inclusion assemblages. Ori-
ented with stratigraphic up at page top. Images have different scales. Clear (B) and pink (A) (thodamine B dye)

epoxy used.

growth directed towards the cavity centre
(Fig. 12A). Cavity-filling crystals had well-de-
fined primary fluid inclusion assemblage band-
ing with some large (>100 pm) fluid inclusions.

Randomly oriented small (0.5 to 3.0 mm wide
on average) euhedral to subhedral halite crystals
with faint curving primary fluid inclusion
assemblages occurred in a gypsum sand matrix
with minor carbonate grains. This texture
occurred in gypsum-filled vugs and halite-ce-
mented gypsum sand layers (Fig. 7E). Gypsum-
filled vugs occurred in layers of remnant bedded
halite (Fig. 7C). Halite-cemented gypsum sand
layers did not show bedding. Gypsum grains
were incorporated into some cement crystals as
solid inclusions. This sediment type may origi-
nate from incomplete halite cement dissolution
and mobilization of gypsum grains and halite
cement crystals into vugs.

Halite crystals evolved through cycles of crys-
tallization and partial dissolution. Deeper
(>30 cm) halite beds (ca 15 cm thick) consisted
of large crystals (0.5 to 1.5 cm) with millimetre-
scale intercrystalline porosity partially filled by
coarse gypsum crystals (Figs 7F and 13A1). The
coarse gypsum crystals are much larger than
those seen in upper intervals and may have
grown in situ. These high porosity (ca 35 to
45%) remnant bedded halite layers contrast
upper layers of segmented or cemented crystals
(Figs 11A and 13A1). Segmented crystals were
absent, indicating removal by dissolution or
cement overgrowth. Halite cement crystals con-
tained secondary vertical dissolution pipes. The
number of secondary pores varied with strati-
graphic interval. Despite the apparent random
crystal orientation, the vertical fabric of chevron

and cornet crystals and some horizontal dissolu-
tion surfaces were retained (Figs 7F and 13A).
In contrast to thinner younger bedded halite lay-
ers, these layers had centimetre-scale spacing
between  horizontal  dissolution  surfaces
(Table 2; Appendix F). Minor horizontal dissolu-
tion surfaces may have been removed by halite
dissolution and crystallization.

Crystals with parallel to sub-parallel primary
fluid inclusion banding indicative of chevron or
cavity-filling halite cement crystals were com-
mon in deeper halite beds (Fig. 13A). These
crystals had curving primary fluid inclusion
assemblages indicative of partial dissolution and
halite cement overgrowth (Fig. 13B). Rare halite
crystals had cloudy fluid inclusion rich cores,
solid gypsum inclusions and large (50 to
400 pm) two-phase (liquid-solid) primary fluid
inclusions containing accidental gypsum crys-
tals.

Vertical sediment trends

Primary bedded evaporite layers were increas-
ingly altered by dissolution and diagenetic
halite growth with depth (Table 1; Fig. 7). The
distribution and thickness of depositional and
diagenetic textures were spatially variable
(Table 2). Layers with poorly-defined horizontal
dissolution surfaces, tubule-dissected-crystals,
and halite cement crystals developed from unal-
tered chevron and cornet halite layers. The final
layer in this sequence consisted of remnant bed-
ded evaporites with halite cement crystals. This
was the only halite-dominant sediment type to
remain below 30 cm depth. Similar trends occur
in Death Valley saline pan sediments (Li et al.,
1996). Halite layers may be partially to fully
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Fig. 11. Dissolution features imaged with plane
polarized light and oriented with stratigraphic up at
page top. Some voids are outlined in grey. (A1)
Tubule segmented chevron crystals (from D-54). Inset
image (A2) shows segmented chevron with remnant
primary fluid inclusion assemblages (black arrow). (B)
Dissolution pipes and tubules partially lined with
amorphous yellow material (black arrow; from D-54).
Pink (rhodamine B dye) epoxy used.

removed and filled by mobilized gypsum, creat-
ing gypsum beds or beds with remnant halite
crystals in a gypsum matrix (Fig. 7E).

Fig. 12. Shallow (<30 cm depth) halite cements
imaged in plane polarized light and oriented with
stratigraphic up at page top (from D-12B). Grey lines
added to highlight fluid inclusion assemblages. (A)
Cavity-filling halite cement crystal. The slightly curv-
ing growth bands indicate downward growth from the
crystal centre (the top of the image). (B) Halite cement
overgrowth along a vertical dissolution pipe. Note
curving fluid inclusion assemblages, euhedral over-
growth (upper arrow), truncated growth bands (mid-
dle arrow) and curving growth bands near the vertical
dissolution pipe’s base (lowest arrow). Pink (rho-
damine B dye) epoxy used.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology

COLOR



COLOR

Early saline pan diagenesis 17

Fig. 13. Diagenetic halite crystals from 50 to 80 cm depth imaged with plane polarized light (from D-35). (A)
Halite cement crystals. Inset image (A2) shows upward widening crystal with curving to parallel dense fluid
inclusion assemblage banding. (B) Curving fluid inclusion assemblages in halite cement crystal. Blue supra epoxy

used. Oriented with stratigraphic up at page top.

Upper halite layers (<15 cm) had an hour-
glass-shaped porosity (Fig. 8C). Porosity was
highest at the top (efflorescent-crust) and bottom
(altered bedded halite with vugs and dissolution
pipes) of this interval. Porosity was lowest in
layers of chevron and cornet crystals with
pore-filling halite cement and incipient millime-
tre-scale vertical dissolution pipes. The high
porosity in the upper halite layers at BSF is sim-
ilar to other saline pans (Casas & Lowenstein,
1989). The porosity of deeper, remnant bedded
halite layers (ca 35 to 45%) was higher than
similar sediments in other modern saline pans
(Casas & Lowenstein, 1989).

DISCUSSION

Seasonal and spatial changes in environmental
and anthropogenic processes influence evaporite
morphologies. There are clear differences
between evaporite morphologies created and
altered at the surface, vadose, and phreatic
zones (Fig. 14).

Flooding stage

Small flooding events with minor dissolution
last only hours to weeks at BSF, while the win-
ter flooding stage, with potentially considerable
dissolution, extends for several months. Evapor-
ite dissolution is concentrated at the surface and
along high-porosity areas in the vadose zone
during flooding stages (Fig. 6B). The salinity and
degree of halite saturation of brines from BLM-
93C (screened within saline pan sediments)
decreased after the winter flooding stage of
2020, indicating that potential phreatic zone

dissolution occurred during the winter flooding
stage (Fig. 4D and E).

Surficial dissolution is heterogeneous and is
concentrated at pressure buckles and polygonal
fractures. Surface flooding enhances detrital
input by carrying sediments in suspension, con-
tributing to silty lamina in gypsum layers and
possibly enhancing dust-trap sediment accumu-
lation rates on the western side of BSF. Dust
deposition is a minor portion of sedimentation
at BSF, indicating that most gypsum formed
in situ and was then reworked. Distributed cir-
cular blisters indicate surface deformation can
occur during surficial ponding. A low porosity,
flexible crust beneath a racetrack could trap air,
mobilized air bubbles could then accumulate
underneath blisters, lifting the crust. Blisters
may develop into dissolution pits. Distributed
circular blisters described here differ from the
irregularly-shaped, closely packed blisters of
other systems (Goodall et al., 2000).

The majority of secondary pores within bed-
ded halite layers develop along intercrystalline
pores within the vadose zone, which is con-
trolled by the water table depth. Declining tem-
peratures contribute to significant (ca 10 to
30 cm) water table decreases each autumn
(Fig. 4C; Meyer, 1960; Turk, 1975). This
increases the vadose zone size, making fall
flooding stages have a greater impact than spring
flooding stages upon evaporite alteration at
depth. Vadose zone dissolution will be greater
at the saline pan’s edge, where the water table is
lower.

Microscopic tubular dissolution features form
at dissolution fronts. Tubules resemble irregu-
larly shaped secondary fluid inclusions identi-
fied in Permian halite crystals (Benison &

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



COLOR

18 J. Bernau et al.

crystallization

crystallization

o
©
S i3
o a
2 5
"y g
= n
3 1
Q
™ (o)
m ) 0 ~
AT NE o e
Tcm 70/
(O

crystallization

asopea

9de}Ins papuod

2|qe} J91eM Mo|aq

key [ ]halite [l voids [Z:Z]gypsum sand

Il brine fluid inclusions === water table

Fig. 14. Schematic of the evolution of evaporite mor-
phology across a range of environmental conditions
and depths, which are noted above and to the left of
the figures. Stratigraphic up is page top. Conditions
vary from crystallisation or dissolution above the
ground, in the vadose zone, or below the water table.
(A) Chevron, cornet and cumulate crystals form in
halite saturated ponded brines. (B) Efflorescent crys-
tals and clear halite cement form near and at the sur-
face during desiccated conditions. (C) Horizontal
dissolution surfaces and rounded and skeletal bottom
growth crystals develop during haliteundersaturated
ponding. (D) Altered bedded halite with dissolution
features that develop within the vadose zone, includ-
ing dissolution pipes, centimetre-scale vugs, seg-
mented bottom growth crystals and dendritic tubules.
(E) The transition from altered to remnant bedded
halite. Diagenetic evaporites include interstitial
cement, microscopic void-filling and cavity filling
halite crystals, as well as halite cement crystals in
gypsum sand and gypsum overgrowths.

Goldstein, 1999). Tubules dissect chevron crys-
tals, creating a scaffold for halite cement over-
growths and halite cement crystals with
remnant chevron crystal cores (e.g. Casas &
Lowenstein, 1989).

Centimetre-scale horizontal vugs are concen-
trated near surface deformation features, such as
polygonal fractures, which direct and concen-
trate dilute fluids and dissolution at the water
table (Fig. 6). Horizontal vugs also influence
flow paths; vertical dissolution pipes grow away
from vugs (Fig 7D). Dissolution remobilizes sand
and halite crystals into vugs (Fig. 7C), creating a
sediment interval with halite cement crystals
floating in gypsum sand (Fig. 7E). Mobilized
crystals may become substrates for displacive
halite growth. Remnant bedded halite layers
may have formed in the phreatic zone during
spring months when saline pan aquifer brine
salinity decreased, and there was an upward
flux of low salinity brines (Fig. 4D and F).

Evapoconcentration stage

Evapoconcentration stage crystal morphologies
are well-described and are not focused upon
here (Fig. 14A). Time-lapse imagery indicates
that bottom-growth crystals can develop rapidly,
within a few hours, possibly influencing the
density of primary fluid inclusion assemblage
banding. The consistent fluid-vapour ratio’s in
some fluid-inclusion assemblages suggest crys-
tallization temperatures above 20°C (laboratory
temperature), with vapour bubbles forming
because of thermal contraction.

Desiccation stage

During the desiccation stage the saline pan sur-
face deforms and efflorescent crusts and diage-
netic halite develop. As also noted by Shearman
(1970), efflorescent growth rates are highest
immediately after the evapoconcentration stage.
Efflorescent growth within the crust leads to
expansion and buckling of the surface. Sub-cen-
timetre thick crust tends to develop pressure
buckles, while thicker crust (ca 5 cm) has polyg-
onal fractures (Appendix A). Few surficial sedi-
mentary structures develop at the western part
of BSF, which has persistent seasonal flooding
and a shorter desiccation stage (Craft & Horel,
2019). Similar to today, in 1975 and 1976 ‘rough
polygonally-fractured’ crust occurred near the
saline pan centre, smooth crust occurred in
areas of thinner halite and more flooding, and
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pressure buckles formed near BSF edges (Lines,
1979). The spatial distribution and expression of
surface deformation is important because defor-
mation influences subsurface pore development
(Fig. 6B).

There is no evidence for contractional fea-
tures in the BSF crust. Dissolution, however, is
clearly demonstrated and occurs preferentially
along pre-existing voids, such as compressional
pressure-buckles. Therefore, similar to modern
intertidal polygons, the polygonal fractures
were likely pre-dated by compressional buckles
that were altered by dissolution (Appendix A;
Christiansen, 1963; Lowenstein & Hardie, 1985;
Lokier & Steuber, 2009). Buckles are conduits
for dissolution, and if the dissolution of a
buckled layer is incomplete, a crack remains as
a preferential hydraulic conduit for efflores-
cence development (Eloukabi et al., 2013;
Shokri-Kuehni et al., 2017). Multiple periods of
crust deposition and dissolution along a frac-
ture may have contributed to the downward-
widening voids underlying polygonal fractures
(Fig. 6B).

Sugary, microscopic void-filling halite crystals
occurred in the vadose zone. These crystals only
occur in voids with connections to the surface,
such as polygonal fractures. Evaporation along
efflorescent ridges may increase localized halite
saturation. Sediments coating these crystals are
transported from the surface during the flooding
stage, when efflorescent ridge dissolution
exposes fractures. Microscopic void-filling crys-
tals are not preserved in deeper halite beds and
may be misinterpreted as efflorescent crystals
formed at the surface.

The temperature and groundwater depth at
BSF and other saline pans vary throughout the
day, causing periodic wetting and drying of the
crust, and likely thermally-driven dissolution
and crystallization of halite (Fig. 5; Turk, 1973;
Macumber, 1991). Little removal of water from
evaporation occurs from a desiccated crust, mak-
ing it behave like a hydrologically closed system
(Kampf et al., 2005). Halite becomes slightly
more soluble as temperatures increase. Diurnal
temperature changes of 10°C in the shallow
crust (<10 cm depth) could dissolve and crystal-
lize a small volume (<1.5 kg m™, quasi-salinity)
of halite each day (Appendix D). High water
levels and high temperatures coincide, con-
tributing to dissolution at the upper extent of
the water level, and halite crystallization at the
lower extent of the water level when brines are
coolest (Fig. 5). The cumulative effect of these
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variations would enhance vertical flow-paths.
Relatively stable summer water levels would
concentrate this effect within a small depth
interval (Fig. 4C). Olivella et al. (2011) previ-
ously demonstrated that temperature gradients
have a significant effect upon porosity within
saline media. Seasonal shallow-crust tempera-
ture changes of 10 to 30°C from 2 m depth to
the surface would also contribute to evaporite
alteration, as was suggested by Casas & Lowen-
stein (1989).

Curving primary fluid inclusion assemblages
develop in the phreatic zone at the contact
between dissolution and overgrowth (Fig. 12B).
Multiple assemblages indicate several periods of
partial dissolution and overgrowth. More gener-
ally, the small fluid-inclusion size in cement
crystals is indicative of slower crystal growth
rates.

Vertical gradients in temperature and water
flow

Brine salinity and vertical hydraulic gradients
change seasonally at BSF (Fig. 4D and F). Similar
seasonal patterns in groundwater flux occur at
the nearby Pilot Valley Playa (Duffy & Al-Hassan,
1988). In the winter, independent of saline pan
stage, downward groundwater flow occurs, and is
associated with increasing salinity in the lower,
lacustrine-sediment-hosted aquifer. This flux
indicates increasing potential for halite crystal-
lization at depth (<50 cm) in winter months.
Upward groundwater flow in the spring/summer
is associated with increasing temperature and a
salinity decrease in the lacustrine-sediment
hosted aquifer (September 2020), representing
growing potential for phreatic-zone halite disso-
lution. In other areas, without vertical flow gradi-
ents, thermal temperature decreases with depth
could lead sinking dense brines to cool by 10°C,
increasing the potential for evaporite deposition
at depth. Further study is needed to fully con-
strain the effect of these small-scale hydrological
processes (Mason & Kipp, 1998). Vertical flow
gradients may also contribute to gypsum growth
at the saline pan’s base, where gypsum grains are
larger and more angular. Prior studies found that
vertical hydraulic gradients are spatially
heterogenous at BSF (Lines, 1979). In contrast to
other wells, at BLM-34 the saline pan is so thin
that groundwater typically does not contact the
evaporite-matrix, possibly contributing to the
groundwaters’ relatively stable quasi-salinity
(Fig. 4D).
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Heterogeneous surface processes and
anthropogenic activities impact sediments

Heterogeneous spatial processes at BSF influ-
ence the distribution and morphology of saline
sediments and sedimentary structures. Ponding
is concentrated on the western side of BSF,
which has higher detrital sediment accumula-
tion rates and thinner and generally less
deformed surficial halite layers. The thickest
surficial halite layers accumulate at BSF’s cen-
tral high because it: floods less frequently; has
lower detrital depositional rates; has the highest
water table levels; the lacustrine-sediment aqui-
fer underlying the saline pan is most saline
here; and dilute surface waters are blocked by
the Salduro loop berm or achieve halite satura-
tion by the time they reach the central high, lim-
iting dissolution to local meteoric precipitation.
Anthropogenic activities and infrastructure cre-
ate different hydrological regimes within BSF,
influence crust porosity and contribute to increas-
ing the dissolution-prone vadose zone. Cumulate
and bottom-growth crystal layers beneath race-
tracks have 15% less total porosity than undis-
turbed layers (from 34% to 19%). Distributed
circular blisters form during shallow ponding at
and near the racetrack. Thicker accumulations of
efflorescent crusts at racetracks indicate racetrack
preparation may enhance efflorescent growth
(Table 2). Water extraction depresses the water
table on the eastern and western edges of BSF,
increasing the dissolution-susceptible vadose
zone (Lines, 1979; Mason & Kipp, 1998). Water
removed from the saline pan aquifer by mining
may increase the upward flow gradient of halite-
undersaturated lacustrine-sediment aquifer bri-
nes into the saline pan aquifer. Anthropogenic
activities may decouple some aspects of BSF sedi-
mentation from natural hydroclimatic processes.

The Bonneville Salt Flats within the closed-
basin sedimentary cycle

Benison & Goldstein (1999, 2000) describe saline
pans as a stage in the closed-basin sedimentary
cycle. Perennial freshwater lakes, followed by
shallow saline lakes, pre-date saline pans in the
cycle. The sediments underlying BSF reflect this
with a shift from laminated aragonitic muds to
aragonite mixed with gypsum (Fig. 1C). The sal-
ine lake then shifts to a shallow saline pan,
which is reflected at BSF by decreasing spacing
between horizontal dissolution surfaces over
time, indicating smaller flooding and

evapoconcentration stages. The saline pan tran-
sitions into a saline mudflat in the next phase of
the cycle. Observations of sediments with high
porosities, and prior studies indicating decreas-
ing volume and areal extent of persistent halite
crust, indicate that BSF is shifting towards a sal-
ine mudflat depositional environment similar to
the current mudflat at its edge (Bowen et al.,
2017, 2018b; Kipnis & Bowen, 2018).

CONCLUSIONS

Evaporite deposition and alteration at the Bon-
neville Salt Flats are influenced by saline pan
stages, variable groundwater levels, vertical
groundwater fluxes and surficial sedimentary
structures. Brine chemistry, presence and degree
of halite saturation within saline pans are con-
trolled by seasonal to daily changes in tempera-
ture, evaporation and fluid inputs. Across the
saline pan stages of flooding, evapoconcentration
and desiccation, the juxtaposition of different
evaporite structures and brines of different min-
eral saturation states and variable water levels
over time lead to a diversity of evaporite mor-
phologies developed at the surface, vadose and
phreatic zones in saline pans (Fig. 14). Seasonal
changes within the vertical hydraulic gradient
between the saline-sediment hosted aquifer and
the wunderlying halite-undersaturated aquifer
affect brine salinity and may influence evaporite
morphologies. Sedimentary structures created by
the desiccation of surface crusts, such as polygo-
nal fractures, influence the development of sec-
ondary porosity. The evaporite sequence at the
Bonneville Salt Flats shows increasing alteration
and poor preservation of primary halite mor-
phologies. Most gypsum formed in situ and was
reworked. Gypsum crystals continued to grow
over time. This poor halite preservation, linked
with past studies of the system and declining
water levels (Kipnis & Bowen, 2018), indicates
that the system is nearing the end of the saline
pan stage of the closed basin cycle. Consideration
of these sedimentological examples and environ-
mental processes could improve saline pan depo-
sitional models and interpretation of altered
evaporites.
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APPENDIX A. TIME LAPSE AND FIELD
IMAGERY

Surface observations of BSF crust across saline-
pan stages (Fig. A1) and across a range of sur-
face morphologies (Fig. A2). Note the raised

circular blister shown in Fig. A1B3. The rela-
tionship between surface halite layer thickness
and surface morphology is shown in Fig. A3.
Time-lapse imagery from the BFLAT weather
station can be found online at http://home.chpc.
utah.edu/~u0790486/wxinfo/cgi-bin/uunet_came

Fig. A1. Surface observations of the Bonneville Salt Flats during different hydrological stages. Images on the left
were taken with a time-lapse camera on the weather station, traffic cone shown for scale. (A) Flooding stage with
dissolution pits exposing darker underlying gypsum layers. (B1-B2) Evapoconcentration stage with cumulate rafts
forming on the surface. Note the horizontal lines on the mountains demarcating Lake Bonneville shorelines. (B3)
Circular raised blisters, finger for scale. (C) Desiccation stage with efflorescent halite and ridges. Most recreation
occurs during this stage. Image dates: (A1) October 3, 2019, (A2) May 15, 2018. (B1) March 11, 2019, (B2) Novem-
ber 6, 2016, (B2) December 18, 2017, (C1) September 14, 2017, (C2) September 5, 2016.
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Fig. A2. Images of primary types of surficial sedimentary structures. (A) Pressure-buckled halite crust at the sal-
ine pan’s eastern edge. Dust trap on left (arrow). Traffic cone for scale in (A) and (B). (B) relatively flat crust near
middle of saline pan with small pressure buckles and efflorescent ridges (arrow). Surface halite layer is two cen-
timetres thick. (C) Polygonal fractures filled by efflorescent ridges (arrow) in area with 10-cm-thick surface halite
layer. Image dates and locations: (A) September 14, 2017 (Dust-3), (B) September 9, 2020 (weather station), (C)

September 7, 2016 (D-60).

Fig. A3. Surficial sedimentary structures observed at
the end of the desiccation stage and associated crust
thicknesses (Table A2). Flat and pressure buckled crust
occurs in areas with thin (ca 2 cm-thick) crust, while
polygonally fractured crust is thicker. Flat crust is con-
centrated along the western edge of BSF where sea-
sonal ponding is persistent (Bowen et al., 2017; Craft &
Horel, 2019). Polygonal fractures are concentrated
within and to the north-east of the Salduro Loop. Pres-
sure buckles consistently occur at saline pan edges.

ra_explorer.cgi (Camera: Bonneville Salt Flats)
and along with imagery from other locations
(Table A1) at https://doi.org/10.5281/zenodo.
4171331.

Table A1.
types.

Time-lapse imagery locations and camera

Location

name Latitude Longitude Camera type(s)

BFLAT 40.784636° —113.829749° Brinno
TLC200; Axis
Communications
web camera

40.765730° —113.784140° Brinno TLC200

40.761325° —113.844183° Brinno TLC200

LEMSA
LEMSB
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Table A2.

2016 (in association with Bowen et al., 2018).

Surface layer halite thickness and dominant surface sedimentary structure recorded in September

Dominant surface

Surface halite layer

Core ID Latitude Longitude sedimentary structure thickness (cm)
D-02 40.86465596 —-113.756457 Pressure buckles 1.3
D-03 40.86129595 —113.752766 NA NA
D-04 40.85590411 —113.746705 Flat 1.3
D-05 40.850298 —113.740494 Pressure buckles 1.3
D-06 40.86229385 -113.76634 NA NA
D-07 40.85109981 —113.754008 Flat 1.3
D-08 40.84586735 —113.748137 NA NA
D-09 40.85281402 —-113.78085 Pressure buckles 1.3
D-10 40.84737991 —113.774781 Flat 2.5
D-11 40.8417149 —-113.768771 Pressure buckles 2.5
D-12 40.82899447 —113.754479 NA NA
D-13 40.83846444 —113.7898 Pressure buckles 1.3
D-14 40.83247636 —113.783255 Flat 2.5
D-15 40.82130043 —113.770984 NA NA
D-16 40.81576683 —-113.764811 NA NA
D-17 40.81029867 —-113.758703 Pressure buckles 0.3
D-18 40.8317475 —113.807495 NA NA
D-19 40.81202881 —113.785622 NA NA
D-20 40.80649049 —113.779542 NA NA
D-21 40.8009573 —-113.773369 NA NA
D-22 40.81940429 —113.81864 NA NA
D-23 40.81379657 —-113.812521 NA NA
D-24 40.80275545 —113.800242 Flat 2.5
D-25 40.79161413 —113.787938 NA NA
D-26 40.78609781 —113.781838 NA NA
D-27 40.81150945 —113.834651 Pressure buckles 0.2
D-28 40.80450888 —113.827057 NA NA
D-29 40.79349134 —113.814864 Flat 2.5
D-30 40.78240099 —-113.802618 NA NA
D-31 40.77128724 —-113.79031 NA NA
D-32-2 40.80069416 —113.847702 Pressure buckles 2.5
D-33 40.79525798 —113.841705 Pressure buckles 3.8
D-34 40.7842146 —113.829461 Flat 1.3
D-35 40.76790735 —113.811532 Pressure buckles 1.3
D-36 40.78868735 —113.859362 Pressure buckles 1.3
D-37 40.75746238 —113.824861 Flat 5.1
D-38 40.74719054 —113.813298 Polygonal fractures 17.8
D-39 40.77659723 —113.870946 Pressure buckles 0.6
D-41 40.76852012 —-113.886781 Flat 1.3
D-42 40.76416628 —113.88194 Polygonal fractures 15.2
D-43 40.74526226 —-113.860979 Flat 1.3
D-44 40.75934984 —113.901557 Flat 2.5
D-45 40.75155906 -113.91789 Polygonal fractures 12.7
D-46 40.74881291 —113.914653 Flat 1.3
D-48 40.74534954 —-113.9263 Pressure buckles 1.3
D-49 40.74204245 —113.922144 NA NA
D-50 40.7463882 —113.887093 NA NA
D-51 40.74888132 —-113.840229 NA NA
D-52 40.75630236 —113.873357 Polygonal fractures 2.5
D-53 40.76195867 —113.804892 Polygonal fractures 3.8
D-54 40.76299847 —113.830926 Polygonal fractures 8.9
D-55 40.76573254 —113.78414 NA NA
D-56 40.77309283 -113.817193 Polygonal fractures 12.7
D-57 40.7772148 —113.79685 Pressure buckles 0.2
D-58 40.7786566 —113.82333 Polygonal fractures 2.5
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Table A2. (continued)
Dominant surface Surface halite layer
Core ID Latitude Longitude sedimentary structure thickness (cm)
D-59 40.78056464 —113.775631 NA NA
D-60 40.77939422 —113.873894 Polygonal fractures 15.2
D-61 40.78793265 —113.808733 NA NA
D-62 40.79544563 -113.767284 Pressure buckles 7.6
D-63 40.79717406 —113.794075 NA NA
D-64 40.80281142 —113.850116 Pressure buckles 0.3
D-65 40.82305496 —-113.797814 NA NA
D-66 40.8228829 —-113.822376 Pressure buckles 3.8
D-67 40.82863615 —113.803882 NA NA
D-68 40.83068555 —-113.756371 NA NA
D-69 40.84356297 —113.795465 NA NA
D-70 40.8566778 —-113.760148 Flat 1.3
APPENDIX B.WEATHER STATION DATA 0.01 gem ® (Fig. D3). These density changes

Weather station data was collected from the
MesoWest weather station data repository found
online at https://mesowest.utah.edu/, station ID:
BFLAT (Horel et al., 2002). Incoming and outgo-
ing longwave and shortwave radiation were
measured with an Apogee SN-500 net radiome-
ter (Logan, Utah, USA). Albedo was calculated
using equation B-1, where the integral of daily
outgoing shortwave radiation (SW,,) between
sunrise and sunset (d¢#) is divided by the sum of
daily incoming shortwave radiation (SW;,) over
the same period.

_ [SWoydt

Albedo = m

(B1)

APPENDIX C. PRESSURE-TEMPERATURE
TRANSDUCER AND BRINE SAMPLE DATA

Pressure transducers were installed at several
wells (Table C1) from June 2017 to December
2020 (data available at https://doi.org/10.5281/ze
nodo.4268710). Logged water depth below the
surface was calculated using brine density and
the measured depth to water (Table C2), if avail-
able. Brine density and temperature were mea-
sured in the field with a digital hydrometer at the
beginning and end of the logging period. (Table
C3; Densito 30PX, Mettler Toledo, Columbus,
Ohio, USA). Samples were collected from specific
depths within some wells by using small-diame-
ter tubing (1.59 mm inner diameter) at set depths
in the well to collect samples (Table C2).
Seasonal temperature-controlled (0 to 30°C)
changes in brine density are less than

would lead to <1 centimetre of water column
height change for one meter of water column,
making density-controlled changes in measured
water column minor relative to other processes.
Seasonal variations in salinity with temperature
fluctuations contributed to larger density
changes (<0.025 g cm™>; Table C2; Fig. C1).

To prevent potential corrosion, transducers
installed before June 2020 were sealed in plastic
bags that were filled with tap water. Excess
water and air bubbles were removed from bags
before they were sealed. Transducers installed
after June 2020 were not placed in bags. Two or
more transducers were installed in some wells
to observe vertical thermal gradients. Transduc-
ers were attached to plastic rods to ensure that
they did not move while logging data and to
ensure that they were installed at consistent
depths between data retrievals.

To make the water level of the co-located
wells of BLM-93 and BLM-93C directly compa-
rable, the equivalent pressure head was calcu-
lated for each well (equation C1). The
equivalent pressure head corrects hydraulic
head measurements for differences in density
and screened interval (Post et al., 2007). The
brine density for each well was extrapolated
between measurements using shape-filling cubic
interpolation (Fig. C1).

P P

Equation to calculate equivalent or freshwater
head for wells with variable water density.
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Table C2. Measured water depth at wells.

Date (YYYY-MM- Time Casing top height Depth to water from Water level below
Well ID DD) (hh:mm) above surface (cm) casing top (cm) surface (cm)
BLM-12 2017-09-14 52.1 110.6 58.5
BLM-12 2018-05-03 52 106.7 54.7
BLM-12 2018-08-06 50.0 109.4 59.4
BLM-12 2018-10-01 17:00 50.0 121.6 71.6
BLM-12 2019-05-01 13:00 49.3 82.9 33.6
BLM-12 2019-07-15 50.9 118.9 68.0
BLM-31 2018-10-01 41.9 127.4 85.5
BLM-31 2019-09-08 42.1 71.3 29.3
BLM-31 2020-09-19 16:10 41.1 107.9 66.8
BLM-34 2019-09-08 28.3 62.2 33.8
BLM-34 2020-06-04 morning 31.8 40.6 8.9
BLM-34 2020-09-19 16:30 29.9 97.5 67.7
BLM-34 2020-11-23 afternoon 29.9 102.1 72.2
BLM-34 2020-12-21 10:20 29.6 91.7 62.2
BLM-37 2019-05-01 50.3 45.2 -5.1
BLM-37 2019-09-08 47.9 57.6 9.8
BLM-37 2020-06-04 morning 52.1 55.8 3.7
BLM-37 2020-09-19 11:00 49.1 66.1 17.1
BLM-37 2020-11-23 11:00 48.5 81.4 32.9
BLM-37 2020-12-21 9:45 49.4 79.6 30.2
BLM-41 2018-10-01 19.1 77.4 58.4
BLM-41 2019-09-08 19.5 51.2 31.7
BLM-41 2020-09-19 15:45 17.4 65.4 48.0
BLM-43A 2020-12-21 21.3 75.3 53.9
BLM-45 2019-09-08 46.6 65.8 19.2
BLM-45 2020-09-19 15:00 49.1 66.1 17.1
BLM-45 2020-11-23 afternoon 49.1 93.0 43.9
BLM-45 2020-12-21 49.4 81.4 32.0
BLM-50A 2020-12-21 24.4 79.2 54.9
BLM-50B 2018-10-01 48.8 96.9 48.2
BLM-50B 2019-09-08 49.4 82.0 32.6
BLM-50B 2020-12-21 49.1 104.2 55.2
BLM-53 2020-12-21 27.4 104.2 76.8
BLM-53A 2020-12-21 74.4 60.7 -13.7
BLM-53B 2020-12-21 49.4 125.6 76.2
BLM-63 2020-12-21 26.5 133.8 107.3
BLM-64 2020-12-21 30.5 136.6 106.1
BLM-93 2017-06-08 94.5 97.2 2.7
BLM-93 2017-09-14 94.5 98.5 4.0
BLM-93 2018-05-03 94.5 96.5 2.0
BLM-93 2018-08-05 94.5 103.3 8.8
BLM-93 2018-10-01 94.5 110.9 16.5
BLM-93 2019-07-14 96.0 99.1 3.0
BLM-93 2019-09-08 97.5 99.4 1.8
BLM-93 2020-06-04 afternoon 99.1 96.5 —-2.5
BLM-93 2020-09-19 12:30 96.9 110.0 13.1
BLM-93 2020-11-23 noon 96.3 127.7 31.4
BLM-93 2020-12-21 11:00 96.0 129.5 33.5
BLM-93A 2020-09-19 13:00 74.7 37.2 -37.5
BLM-93A 2020-11-23 afternoon 74.5 42.4 —-32.2
BLM-93A 2020-12-21 11:00 74.4 45.3 -29.1
BLM-93C 2019-09-08 45.7 58.5 12.8
BLM-93C 2020-06-04 morning 50.9 50.9 0.0
BLM-93C 2020-09-19 13:00 48.5 64.6 16.2
BLM-93C 2020-11-23 afternoon 48.5 79.6* 31.1
BLM-93C 2020-12-21 11:00 47.2 75.9% 28.7

* Transducers removed before measuring water column height.
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Table C3. Brine sample density, temperature, quasi-salinity and degree of halite saturation.

Sample Density Degree of

depth Field Field at 30°C halite

from density temp. (gcm™®) Temp. Quasi-salinity saturation

Date (YYYY-MM- casing (gcm ™) + (°Q) 40.001 ca30°C o5 (kgm™@) (kgm™®)

Site-ID DD) top (cm) 0.001 g cm™® +0.2°C g cm™®  (£0.2°C) +1 kg m~3 +2 kg m™3
Access road 2019-01-09 pond 1.206 7.0 1.198 30.5 203 -1
Access road 2019-05-01 pond 1.208 18.6 1.202 30.1 206 3
Access road 2020-01-29 pond 1.202 4.0 1.189 30.1 194 -6
BLM-12 2017-09-14 1.201 16.7 NA NA NA -7
BLM-12 2019-05-01 114 1.203 14.4 1.196 30.4 200 -6
BLM-12 2019-05-01 80 1.203 14.4 1.196 29.8 200 -6
BLM-12 2019-05-01 pond 1.208 17.6 NA NA NA NA
BLM-12 2019-07-14 114 1.200 23.5 1.196 30.4 201 -5
BLM-12 2019-07-14 80 1.200 23.5 1.196 30 201 -5
BLM-31 2019-09-08 1.185 26.7 1.183 30 187 -19
BLM-31 2020-09-19 1.184 27.0 1.182 30.2 187 -19
BLM-34 2019-09-08 140 1.196 25.7 1.195 30 199 -9
BLM-34 2020-06-04 140 1.195 24.7 1.195 30.3 199 -10
BLM-34 2020-06-04 100 1.194 28.5 NA NA NA -10
BLM-34 2020-09-19 100 1.194 28.6 NA NA NA -9
BLM-34 2020-09-19 140 1.195 28.7 1.194 30.2 199 -9
BLM-34 2020-11-23 1.205 10.8 1.196 30 200 -6
BLM-34 2020-12-21 1.203 5.85 1.196 30.1 200 -8
BLM-37 2019-05-01 156 NA 11.7 1.198 30.2 202 NA
BLM-37 2019-05-01 180 NA 11.7 1.199 30 203 NA
BLM-37 2019-05-01 pond NA NA 1.201 30.1 205 NA
BLM-37 2019-07-14 156 1.201 21.8 1.198 30.2 203 -9
BLM-37 2019-07-14 180 1.202 21.7 1.198 30 202 -9
BLM-37 2019-09-08 156 1.200 26.0 1.200 30.3 204 -9
BLM-37 2019-09-08 180 1.200 26.2 NA NA NA -9
BLM-37 2020-06-04 156 1.190 28.6 1.199 30.2 203 =17
BLM-37 2020-06-04 180 1.191 27.8 NA NA NA =17
BLM-37 2020-09-19 156 1.201 22.5 1.197 30.1 202 -9
BLM-37 2020-09-19 180 1.201 22.8 1.198 30.3 202 -9
BLM-37 2020-11-23 180 1.208 12.5 1.200 30.2 205 -6
BLM-37 2020-12-21 1.212 7.5 1.201 30.1 205 -3
BLM-41 2019-09-08 1.193 25.1 1.191 30.2 195 -14
BLM-41 2020-09-19 1.192 25.7 1.190 30.2 195 -15
BLM-43A 2020-12-21 1.211 6.9 1.200 30.1 205 1
BLM-45 2019-09-08 100 1.197 23.2 1.195 30.1 199 -13
BLM-45 2020-09-19 50 1.194 26.3 1.195 30.2 199 -15
BLM-45 2020-11-23 1.205 10.5 1.194 30.1 199 -9
BLM-45 2020-12-21 1.207 7.3 1.195 30.1 199 -8
BLM-50A 2020-12-21 1.200 10.0 1.189 30.1 194 -10
BLM-50B 2019-09-08 1.192 25.9 1.190 30.4 195 -12
BLM-53 2020-12-21 1.194 13.1 1.185 30.1 189 -16
BLM-53A 2020-12-21 1.110 10.5 1.103 30.1 107 -97
BLM-53B 2020-12-21 1.194 12.0 1.184 30.1 189 -16
BLM-63 2020-12-21 1.189 12.3 1.180 30.1 184 -21
BLM-64 2020-12-21 1.194 12.6 1.185 30.1 189 -16
BLM-93 2017-06-08 1.187 15.5 NA NA NA -27
BLM-93 2017-09-14 1.187 16.8 NA NA NA —-26
BLM-93 2019-07-14 210 1.189 17 1.184 30 189 —24
BLM-93 2019-07-14 175 1.189 20.1 1.185 30 189 -23
BLM-93 2019-07-14 270 1.192 12.5 1.183 30 188 —-22
BLM-93 2019-07-14 130 1.189 21.8 1.185 30 190 -21
BLM-93 2019-07-14 330 NA 11 1.185 30.2 189 NA
BLM-93 2019-09-08 330 1.186 24.3 1.184 30.3 188 —24

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



Early saline pan diagenesis 31

Table C3. (continued)

Sample Density Degree of

depth Field Field at 30°C halite

from density temp. (gcm™) Temp.  Quasi-salinity saturation

Date (YYYY-MM- casing (g cm™®) + (°Q) £0.001 ca 30°C o3 (kg m~2) (kg m™?)

Site-1D DD) top (cm) 0.001 gcm™ £0.2°C gem™®  (£0.2°C) +£1kgm™ +2 kg m™®
BLM-93 2019-09-08 270 1.185 25.1 NA NA NA —-24
BLM-93 2019-09-08 130 1.185 26.4 1.183 30.4 188 —-24
BLM-93 2020-06-04 1.185 29.2 1.184 30 188 —22
BLM-93 2020-09-19 330 1.184 26.5 1.183 30.2 187 -25
BLM-93 2020-09-19 270 1.185 25.1 1.184 30.3 188 -25
BLM-93 2020-09-19 210 1.184 25.8 1.182 30 187 -25
BLM-93 2020-09-19 130 1.185 24.8 1.183 30.2 188 —-24
BLM-93 2020-09-19 175 1.185 25.5 1.183 30.3 187 —-24
BLM-93 2020-11-23 330 1.194 9.1 NA NA NA =21
BLM-93 2020-11-23 130 1.195 9.9 1.184 30.2 189 -20
BLM-93 2020-11-23 210 1.195 9.5 NA NA NA -20
BLM-93 2020-12-21 1.198 7.8 1.188 30.1 192 =17
BLM-93A 2020-09-19 1.120 26.8 1.118 30.5 123 -83
BLM-93A 2020-11-23 1.127 8.7 1.118 30 123 —-83
BLM-93A 2020-12-21 1.129 4.9 1.118 30.1 123 -81
BLM-93C 2019-09-08 50 1.207 25.1 1.204 30.2 209 -1
BLM-93C 2020-06-04 1.204 29.7 1.204 30.1 208 -1
BLM-93C 2020-09-19 1.205 29.1 1.204 30.2 209 -1
BLM-93C 2020-11-23 1.216 4.5 1.203 30.3 207 2
BLM-93C 2020-12-21 1.216 3.3 1.202 30.1 207 3
Rest Stop 2020-01-29 pond 1.202 3.0 1.169 30.1 173 -3

Where p, is the reference density to adjust the
sample to [1.209 g cm™ (BLM-93C density)], p,
is the density of the well-water, h, is the height
of the water level above a datum (sea-level used
here) and z is the elevation (above the datum,
sea-level) of the mid-point of the screened inter-
val and h, is the equivalent head relative to the
datum.

The brine density difference between BLM-93
and BLM-93C was fairly constant. This differ-
ence in hydraulic head between the wells var-
ied throughout the year. The vertical flow
gradients at the site of BLM-93 may depress
summer groundwater temperatures at 1m
depth by 1 to 2°C. Groundwater at 1 m depth
at BLM-93 was slightly cooler than other wells
at the same depth during the summer. Brine
extraction impacted water levels at BLM-34.
Within days of the cessation of brine extrac-
tion, water levels at BLM-34 quickly rose by
>10 cm (Fig. C2).

Quasi-salinity and degree of halite satura-
tion calculated using methods outlined in
Appendix D. Some samples were not mea-
sured in the field, so the calculation of halite
saturation state at field conditions was not

possible. Negative halite saturation indicates
the sample was undersaturated. Samples col-
lected from surface ponded water are
described as ‘pond’ under sample depth, the
sample depth of some samples was not pre-
cise and is not listed.

APPENDIX D. BRINE QUASI-SALINITY
AND HALITE SATURATION METHODS
AND DATA

This appendix outlines the methods and data
used to calculate (1) quasi-salinity, (2) the rela-
tionship between density and total dissolved
solids (TDS) for Bonneville Salt Flats’ brines, (3)
the empirical degree of halite saturation and (4)
the effect of temperature changes on the degree
of halite saturation.

QUASI-SALINITY CALCULATION
Many different methods have been used to cal-

culate or approximate salinity (Anati, 1999).
Quasi-salinity is calculated here by measuring
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Fig. C1. Field density measurements and extrapolated in-sifu density. Shape-filling cubic interpolation used to
extrapolate data measurements. Note the long winter period with no density measurements.
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Fig. C2. Groundwater level at BLM-34, near the eastern edge of BSF, during the summer of 2020. Note the sharp
jumps in groundwater level (black arrows), which are associated with cessation of brine extraction. The gradual
decline in water level is associated with brine extraction, with evaporation playing a minor role in groundwater

drawdown. The summer of 2020 was a very dry period and the sharp jumps in water level are not associated with
meteoric precipitation.
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sample density at a constant temperature. Den-
sity was measured with a Densito 30PX (Mettler
Toledo, Columbus, Ohio, USA) with an accuracy
of £0.001 gcm™ (1 kg m™®) and +0.2°C and a
precision of 0.0001 g cm™ (0.1 kg m™®). This
accuracy is higher than salinity measurements
of these brines based upon total dissolved solids
(with average charge balances of 7% and indi-
vidual major ion reporting limits up to 2 g L™";
Table D1). Quasi-salinity is an effective and
inexpensive measurement of relative salinity
within brines of similar composition. Quasi-
salinity is calculated by subtracting the density
of pure water (equation D1) at a reference tem-
perature from the sample density at that same
reference temperature (equation D2; Anati, 1999;
Tanaka et al., 2001; Gertman & Hecht, 2002; Sir-
ota et al., 2016).

psor (kgm™3) = (999.97495* (1-((T - 3.983035)%)

(D1)

. T +301.797
522528.9%(T +69.34881)

Where pyz0 is the density of pure water (kg m™?)
at temperature T (°C).
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630(kg m73) = (psample30 (g Cmia)*looo ~PH2030 (kg m73))
(D2)

where pgampleso is the sample density at 30°C,
PH20 30 1 the density of pure water at 30°C and
030 is the quasi-salinity at 30°C.

RELATIONSHIP BETWEEN SAMPLE
DENSITY, QUASI-SALINITY AND TOTAL
DISSOLVED SOLIDS

To confirm the effectiveness of quasi-salinity as
a measure of brine composition, density data
and TDS from a set of Bonneville Salt Flats bri-
nes were compared (Table 1; Fig. D1). Kipnis
et al. (2020) Bonneville Salt Flats brine chem-
istry data was used to identify a linear fit
between total dissolved solids, sample density
and quasi-salinity (equations D4 and D5, Fig.
D1, Table D1). Brine densities were measured at
room temperature (21.6 to 24.5°C, mean temper-
ature 22.5°C). Brine densities at other tempera-
tures were not available. Sample density ranged
from 1.092 to 1.223 g cm™°. To partially correct
for the effect of temperature on density, sample

1.20 200
& £
£ 115 150 &
E 3
20 L2 &
g quasi-salinity = 0.6745*TDS ‘;
S 110 100 2
G S
S i
© density = 0.0007*TDS + 0.9985 i
1.05 50 T
1.0008" 0
0 50 100 150 200 250 300

total dissolved solids (TDS) (kg m™3)

Fig. D1. Linear relationship between total dissolved solids, sample density adjusted to mean temperature of
22.5°C and quasi-salinity of samples at 22.5°C of Bonneville Salt Flats brines using data from Table D1 (grey cir-
cles). Black line shows parity between quasi-salinity and salinity from total dissolved solids, demonstrating that
these values are not directly comparable. Deviation from the linear relationship between TDS and sample density
is related to variation in sample composition. Above a TDS of 100 kg m™®, the predicted TDS from sample density
is within 10% of actual sample TDS. Accuracy decreases with lower salinity. Linear fits between TDS and sample
density and quasi-salinity were used to determine the empirical relationships in equations D4 and D5. The rela-
tionship between density and TDS for BSF brines was previosly calculated and shown in fig. 45 of Lines (1979)
as TDS = (po — 1.000)*1590, where pyo is the sample’s density at 20°C. For the data in Table D1 (shown here),
TDS is calculated as ca TDS = (pyo — 1.000)* 1470.1. The difference in equations indicates a change in measured
TDS values between datasets.
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Fig. D2. Schematic representation of methodology
used to calculate the empirical degree of halite satura-
tion in quasi-salinity units. Sample was split, one part
had halite added to it and was allowed to equilibrate
with the halite, bringing it to halite saturation. The
difference in quasi-salinity units between the two
sample splits was used to calculate the empirical
degree of halite saturation. Method and figure adapted
from Sirota et al. (2016). The convention used in this
paper reports halite undersaturated brines with nega-
tive values.

density was corrected to the mean temperature
of 22.5°C (equation D3).

Psample T2 = Psample T1 — PH20 T1 +PH20T2 (D3)

where pgample T2 is the sample density corrected
to temperature 2, psample T 1S sample density
measured at temperature 1 and pyze 11 and puao
12 are the density of pure water at temperatures
1 and 2 (calculated with equation D1). This cor-
rection is inappropriate for temperature correc-
tions > 2.5°C and high precision measurements.

Total Dissolved Solids (gL~ orkgm ™)

=1,455.6%pgmplo 225 — 1,449.5 (D4)

Total Dissolved Solids (gL~ orkgm ™)

=0.6668%0225+3.0377 (D5)

where psample 225 is sample density at 22.5°C
(equation D3) and o, 5 is sample quasi-salinity
at 22.5°C. The standard deviation of sample total
dissolved solids determined using this tech-
nique is 10.5 g 17! TDS, due in part to variable
sample chemistry. Equations D4 and D5 are
specific to Bonneville Salt Flats brines.

EMPIRICAL DEGREE OF HALITE
SATURATION

Sirota et al. (2016) calculated the degree of
halite saturation with high precision in brines
by measuring the difference in density (and
quasi-salinity) between a sample and the same
sample that had been equilibrated with reagent
grade halite (Equation D6). Samples were fil-
tered and then spiked with 10 g of halite for a
50 ml volume, regularly agitated and held at
sample collection temperature for a week and
then measured with high precision (Fig. D2).

Degree of halite saturation (kg m™>) = 671 — Gpaliter
(D-6)

The empirical degree of halite saturation
shown in kg m™ (quasi-salinity; Fig. D2). op, is
the sample quasi-salinity at field temperatures
and opaier1 18 the calculated or measured quasi-
salinity of the sample at halite saturation at field
temperatures (Table C3). Positive values are
oversaturated, while negative values indicate the
sample was undersaturated at field conditions.

Because field temperatures could not be con-
sistently replicated with available equipment,
these methods were adapted to measure the
degree of halite saturation in Bonneville Salt
Flats samples. Equipment includes a digital
hydrometer (Densito 30PX), Ecocell 55 drying
oven (MMM Group, Munich, Germany) and
refrigerator. Unaltered samples and samples
with added halite were held for a week at a con-
stant temperature, regularly agitated and then
measured. Samples were measured at heated (ca
30°C), room (ca 15 to 20°C) and cooled (ca 5°C)
temperatures (Table D2). Additional measure-
ments at other temperatures were made for some
samples.
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Fig. D3. Samples’ densities at different temperatures when saturated with halite (Table D2). Note the different
brine types, with BLM-93 at the top likely being the most potassium and magnesium rich. The polynomial equa-
tions of the trendlines (Table D3) were used to create an aggregate saturated density curve and equation (thick
black line). This generalized aggregate equation was adjusted for each brine type by changing the constant added
to the curve (Table D4) and was applied to the dataset to determine sample densities at halite saturation at differ-
ent temperatures with an accuracy of +1 kg m™® or 0.001 g cm™. The density of brine samples at halite saturation

from the same well did not change markedly between sample periods.

Measurements of a sample’s density at halite
saturation at different temperatures were used to
create a third-degree polynomial fit for the data
(Table D3; Fig. D3; Equation D7). This equa-
tion is applicable to calculate the density of
samples at temperatures between 0-30°C. To
improve the generalizability of this equation to
BSF brines of differing compositions (630 of 200
to 211 kg m™® at halite saturation) an aggregate
halite-saturated density polynomial equation was
created by averaging the coefficients for each
brine type. The input of the halite-saturated
sample density at 0°C for each brine type was

calibrated such that the model residual was less
than measurement accuracy (0.001 gcm™> or
1 kg m~3; Tables D3 and D4).

Psample+haliteT =AxT*+B=T*+ C=T+p, (D-7)

where pgample+halite 1S the sample density (g
cm™?) at halite saturation at temperature T (°C).
T is the sample temperature at field conditions.
A, B, and C are coefficients (Table D3) and p, is
the brine density at 0°C (Tables D3 and D4).

The density of samples with added halite
were used to identify general changes in brine
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Fig. D4. Change in degree of undersaturation at dif-
ferent temperatures (wells near the centre of BSF).
The slopes of the fit lines are aggregated in Table D5.
Degree of halite undersaturation and halite solubility
decreases with decreasing temperature.

composition. Samples from wells with ground-
waters with historically higher potassium and
magnesium concentrations had higher densities

at halite saturation while samples with histori-
cally lower potassium and magnesium concen-
trations had lower densities at halite saturation
(Table D4; Turk, 1973; Lines, 1979).

IMPACT OF CHANGING TEMPERATURE
ON SAMPLE HALITE SATURATION
STATE AND HALITE SOLUBILITY

The effect of temperature on halite saturation
state was used to quantify the degree that tem-
perature could contribute to daily or seasonal
changes in quasi-salinity. Brine’s degree of
halite saturation at different temperatures were
plotted (using data from Table D2; Fig. D4).
The slope for the effect of temperature upon
degree of halite saturation from different sam-
ples was aggregated (Table D5). This slope
demonstrated the effect of temperature on brine
quasi-salinity and the comparable change in
total dissolved solids (Table D5). The effect of
seasonal changes in groundwater temperature
(ca 10°C) upon quasi-salinity would be rela-
tively small (1.2 kg m™®). This value is similar
to previously calculated increases in halite sol-
ubility of pure halite of 1.2 g kg™" H,O with a
10°C temperature change (+0.14 moles NaCl/
1000 moles H,0 per °C in a NaCl-H,O system;
Braitsch, 1971).
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Table D1. Physical properties and total dissolved solids of groundwater samples from different depths beneath
the Bonneville Salt Flats. Sample density and temperature were measured in the lab. Data from Kipnis et al.
(2020). Samples were analysed at American West Analytical Laboratories with ICP-OES/IC, with individual ion
reporting limits up to 2 g 17". The well parameters for BLM sites are described in Table C1. Samples denoted with
a ‘D’ are from excavated pits.

Sample Date Density (g cm™®)  Temp. TDS (g 1) or
Site ID (YYYY-MM-DD)  Latitude Longitude 4+0.001 g cm™ (°C) £0.2°C  (kgm™) +>2¢g 17"
BLM-6 6/10/2016 40.73911° —113.82252°  1.202 21.7 307
BLM-12 6/10/2016 40.74105° —113.91280°  1.202 21.9 315
BLM-12 9/25/2016 40.74105° -113.91280°  1.201 24.5 315
BLM-17 6/9/2016 40.77688° —113.91224° 1.176 21.9 260
BLM-93 6/8/2017 40.78464° -113.82975° 1.188 23.9 283
BLM-93 9/25/2016 40.78464° —113.82975°  1.187 24.4 285
BLM-93A  6/8/2017 40.78464° -113.82975° 1.123 23.7 186
BLM-93C  6/8/2017 40.78464° —113.82975°  1.208 23.6 299
BLM-93D  2016-06-09 40.78464° —113.82975° 1.114 21.8 182
BLM-93D  2016-09-25 40.78464° -113.82975°  1.127 21.8 192
BLM-93E  2016-09-25 40.78464° —113.82975°  1.092 23.9 133
BLM-93F  2016-09-25 40.78464° —113.82975°  1.105 24.3 156
D-12B 2016-09-07 40.84172° -113.76877°  1.211 21.7 291
D-33 2016-09-06 40.80069° —113.84770°  1.223 21.6 324
D-35 2016-09-06 40.78422° -113.82946° 1.210 21.6 321
D-45 2016-09-08 40.74526° -113.86098°  1.210 21.7 293
D-54 2016-09-08 40.75630° —113.87336°  1.207 21.7 323
D-56 2016-09-07 40.76300° —113.83093°  1.208 21.9 300
D-56* 2016-09-07 40.76300° —113.83093°  1.021 21.2 34
D-56* 2016-09-07 40.76300° —113.83093°  1.000 21.5 3
D-67B 2016-09-05 40.82306° —113.79781°  1.207 21.7 314

* Two samples from D56 were gravimetrically diluted by 10 and 100x and then measured for sample density.
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Table D3. Coefficients for the equation of brine density at halite saturation at different temperatures (equa-
tion D7). These values have been averaged to create the aggregate curve, where p, (the sample’s density at halite
saturation at 0°C) varies between samples (Table D4) but all other model inputs remain the same.

Sample ID A B C Po

BLM-93 4.18494E-07 —2.75785E-05 2.06611E-04 1.21454
BLM-45 4.66153E-07 —2.99339E-05 2.42244E-04 1.21422
BLM-37 4.64628E—-07 —2.90131E-05 2.11019E-04 1.21407
BLM-93C 3.15457E-07 —2.38555E-05 1.62230E-04 1.21299
BLM-41 3.62281E-07 —2.99152E-05 3.25970E-04 1.21140
BLM-34, 63, 64 5.68100E-07 —3.97025E-05 4.45772E-04 1.21035
BLM-50, 43A, 31, 12 2.83540E-07 —2.67454E-05 3.05225E-04 1.20957
BLM-53, 93A 4.64472E-08 -1.71115E-05 2.24342E-04 1.20906
Access Rd. May 2019, Jan. 2020 3.33024E-07 —2.98090E-05 3.52319E-04 1.20731
BLM-53A, Access Rd. Jan 2019 1.37812E-07 —1.78710E-05 1.59853E-04 1.20686
Aggregate 3.39594E-07 —2.71536E—05 2.63559E-04 (see Table D4)

Table D4. Inputs for p, (the halite saturated density
at 0°C) for equation D7 for different sample composi-
tions. Increasing Mg®* and K* in wells from past stud-
ies (Turk, 1973; Lines, 1979) are associated with
increasing p, values.

po (halite

saturated
Sample/Well ID density at 0°C)
Rest Stop 1.2044 increasing
BLM-53A, Access 1.2069 Mg?**
Rd. Jan 2019 and K" =
Access Rd. May 2019, 1.2073
Jan. 2020
BLM-53B 1.2091
BLM-93A 1.2091
BLM-50B, 50A,43A,31,12 1.2096
BLM-53 1.2101
BLM-34,63,64 1.2104
BLM-41 1.2114
BLM-93C 1.2124
BLM-37 1.2141
BLM-45 1.2142
BLM-93 1.2145
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Table D5. Average impact of changing temperature on halite saturation in quasi-salinity units (change in quasi-
salinity for 1°C temperature change) in Bonneville Salt Flat samples (from Fig. D4). An increase in temperature
will make a brine more halite undersaturated by increasing halite’s solubility. Brines become more halite satu-
rated as temperature decreases (Fig. D4). The change in quasi-salinity with a daily temperature change of 5, 10
and 15°C was calculated. To make these results more broadly comparable, they were converted from quasi-salinity
units to TDS using equation D-4. Because of variability in temperature, there is decreased accuracy in this calcu-
lated salinity. These values indicate that a 10°C brine temperature change could change the salinity of brines in
equilibriurri with halite by 1.2 kg m™? (quasi-salinity). This is comparable to a change in total dissolved solids by
ca6.9gL”

Change in degree of halite saturation with temperature

Comparable total dissolved solids
Quasi-salinity Quasi-salinity change (kg m™) change (g L7
slope (kg m™°C™)

AT 5°C AT 10° C AT 15°C AT 5°C AT 10° C AT 15°C

—-0.1165 -0.6 -1.2 -1.8 -3.5 -6.9 -10.3

APPENDIX E. DUST TRAP SEDIMENTS . . -3
sediment density of 1.6 g cm™ was used to cal-

Soluble materials were dissolved from samples culate the depositional rate as mm year™'. A par-
before making final measurement of sediments allel experiment to estimate rates of sediment
collected with dust traps (Tables E1 and E2). A reworking and deposition measured sediments

Table E1. Dust trap locations, data sampling interval and insoluble material depositional rate.

Deployment date Collection date  Insoluble material depositional

Dust trap ID  Latitude Longitude (YYYY-MM-DD) (YYYY-MM-DD) rate (mg m™? day ™)
D1 40.748810° —-113.914650° 2016-05-27 2016-09-04 56
2016-09-04 2017-01-16 454
2017-01-16 2017-05-10 831
2017-05-10 2017-07-27 133
2017-07-27 2017-09-14 121
2017-09-14 2018-03-09 76
2018-03-09 2018-05-03 159
2018-05-03 2018-10-01 109
D1-V2 2017-09-14 2018-03-09 91
2018-03-09 2018-10-01 118
D2 40.764170° —113.881940° 2016-04-10 2016-05-27 77
2016-05-27 2016-09-04 45
2016-09-04 2017-01-07 281
2017-01-07 2017-06-27 153
D3 40.765730° —113.784140° 2016-05-10 2016-06-28 72
2016-06-28 2016-09-04 29
2016-09-04 2016-11-06 179
2016-11-06 2017-05-10 162
2017-05-10 2017-09-14 93
2017-09-14 2018-05-03 92
2018-05-03 2018-10-01 51
D4 40.812030° —-113.785620° 2016-09-06 2016-11-06 365
2016-11-06 2017-05-10 111
2017-05-10 2017-09-14 183
2017-09-14 2018-05-03 71
2018-05-03 2018-10-01 110
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Table E2. Synthesis of dust trap depositional rates.

Average depositional

Time weighted average

Standard deviation Median depositional

Dust Trap rate (mg m 2 day™')  depositional rate (mg m™* day™") (mg m 2 day™*) rate (mg m~? day™")
D1 215 207 231 120
D2 139 157 91 115
D3 97 100 51 92
D4 168 131 105 111
Aggregate 163 155 164 111

Table E3. Calculated rates of surficial reworking and deposition from cloths placed on the surface of the saline
pan. Cloths were secured on the surface of the salt flat at the end of the desiccation period and left for several
months to years. The cloths were collected, with care taken to only collect material above the cloth, including salt
and sediments that were deposited or reworked onto the cloths. Halite was dissolved from these samples and the
remaining non-soluble material was weighed to determine the rate of reworking and deposition.

Date installed

Date collected
(YYYY-MM-DD)

Depositional/reworking
rate (mg m~? day™")

Sample ID (YYYY-MM-DD)
Weather station blue 2017-12-08
Weather station white 2017-12-08
Weather station blue 2017-12-08
LEMSA 2019-09-08

2018-10-12 58
2018-10-12 68
2020-09-19 257
2020-09-19 387

accumulated on top of cloths placed at the sur-
face (Table E3). The surface cloths were placed
before the flooding period and were subse-
quently covered by reworked sediments (primar-
ily gypsum), bottom-growth halite and
efflorescence. They were collected with care
being taken to only gather the material on top of
the cloth.

APPENDIX F. PETROGRAPHIC SAMPLES
AND PHOTOMICROGRAPHS

This appendix includes petrographic sample
information, a selection of photomicrographs

and a paragenetic diagram. Petrographic sample
information includes collection location, sample
depth, type and thick-section thickness (Tables
F1 and F2). Photomicrographs (Figs F1 to F3
and https://doi.org/10.5281/zenod0.4197277)
include representative examples of evaporite
morphologies. The syndepositional sequence
and petrographic features are outlined in the
paragenetic diagram (Fig. 4). Subsurface samples
collected with a continuous track-mounted
vibracore and free-standing vibracore were ca
7.5 cm in diameter. Supplementary photomicro-
graphs and photomosaics of thick sections can
be found online at https://doi.org/10.5281/zenod
0.4197277.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology
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COLOR

Fig. F1. Microscopic vug-filling crystals and halite
overgrowths. (A) Microscopic vug-filling halite crys-
tals range in size from 0.2 to 1 mm wide (from D-45).
These crystals occur in voids that are directly con-
nected to surficial efflorescent growths (e.g., Fig. 6B).
White outline added to emphasise crystal edges. (A2)
Faint fluid inclusion assemblages. (B) Intracrystalline
void in chevron crystal filled by halite cement with
large all-liquid and liquid-vapour inclusions (black
arrow points to the contact between the original crys-
tal and cement; from D-54). Images are oriented with
stratigraphic up at the top of the page. Pink (rho-
damine B dye) epoxy used. Images have different
scales. Imaged using plane polarized light.

Early saline pan diagenesis 49

Fig. F2. Halite cement crystals in vug filled by gyp-
sum sand (from D-12B) in plane polarized light. Image
oriented with stratigraphic up at the top of the page.
Pink (rhodamine B dye) epoxy used.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology
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Fig. F3. Deeper (50 to 80 cm depth) diagenetic halite crystals (from D-35). (A) Intergrown halite cement crystals
with curving fluid inclusion assemblages and cloudy, inclusion rich sections. (B) Crystal with parallel fluid inclu-
sion assemblages and dissolution features filled by clear to cloudy (black arrow) halite overgrowths. (C1) Halite
crystal with parallel to curving fluid inclusion assemblages, a cloudy, fluid inclusion-rich core and solid inclu-
sions of gypsum sand and (C2) large fluid inclusions with accidental daughter crystals of gypsum. Images (A) and
(B) are oriented with stratigraphic up at the top of the page. Blue epoxy used in (A-B) and no epoxy used in (C).
Images have different scales. Imaged using plane polarized light (A-B) and partially polarized light (C1-C2).
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Fig. F4. Paragenetic diagram outlining sediment types, associated sedimentary structures and environmental pro-
cesses and settings. Sedimentary structures are shown at four scales: surface deformation, crystals and grains, dis-
solution morphologies and fluid inclusion assemblages in halite. Structures are associated with environmental
stages and depth relative to the water level. Structures are denoted with an ‘X’ if they are being formed, a ‘+’ if
they may be formed but evidence is insufficient, or an ‘Q’ if they are being altered during a period. General evolu-
tion of bedded evaporite layers across processes is demonstrated by following the development of sedimentary
structures downward. This is a general diagram of sediment evolution, in many cases the system may fluctuate
between flooding and evapoconcentration, without a desiccation stage in between.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology
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APPENDIX G. GRAIN SIZE DISTRIBUTION AND ANGULARITY IN SAND SAMPLES

Table G1. Gypsum grain sizes and angularity in sediment samples. Core and layer numbers after Bowen et al.
(2018). An ‘x’ under ooids present indicates the occurrence of ooids in that sample. Visualization of some of this
data available in Bowen et al. (2018a).

Sample VFS FS MS CS VGCS
depth GSD GSD GSD GSD GSD Ooids
Core Latitude Longitude Layer (cm) Angularity (%) (%) (%) (%) (%) present
SOL 40.763160° —113.895190° - 0.5 subangular 10 65 20 5 0
- 5.1 subrounded 5 15 70 10 0
- 9.9 subangular 0 20 70 10 0
- 15 subangular 0 15 70 10 5
- 20.1 angular 0 5 25 30 40
- 23.4 angular 0 10 20 60 20
3 40.864656° —113.756457° 2 5.1 angular 20 74 5 1 0 X
2 10.2 angular 15 80 5 0 0 x
2 15.2 angular 10 20 60 10 0 x
2 20.3 subangular 0 20 70 10 0 x
2 25.4 subangular 0 25 65 10 0 x
3 30.5-38.1  subangular 0 10 30 50 10
12B  40.8417149° -113.7687711° 2 1.3-5.1 angular 10 20 45 20 5 X
4 30.5-33 subrounded 5 20 60 15 0 x
5 33-48.3 subangular 5 20 40 35 0 x
8 66-68.6 angular 0 5 20 60 15
18 40.810299° —-113.758703° 2 2.5 angular 10 60 28 2 0
2 7.6 subangular 10 50 38 2 0
2 12.7 subangular 10 25 60 5 0
2 17.8 subrounded 0 20 70 10 0
3 25.4-45.7  subangular 5 15 70 10 0 x
4 45.7-58.4  angular 0 5 50 40 5 X
33 40.800694° —113.847702° 2 3.8-7.6 subangular 5 60 30 5 0 X
4 20.3 angular 0 10 90 0 0
4 30.5 subangular 0 18 80 2 0
4 40.6 subangular 0 10 80 10 0
4 50.8 subangular 0 10 40 40 10
4 61 subangular 0 10 40 45 5
35 40.784640° —113.829890° = 1.8-2.1 subangular to  70.5 19 8.5 2 0 X
angular
- 4.1-4.4 subangular to  21.5 48 25 6 0 x
rounded
- 4.4-5.1 angular to 50 35 14 1 0 X
subangular
- 5.1-5.8 angular to 10 43 39 8 0 x
subangular
- 5.8-6 subrounded to 42 37 18 3 0 x
angular
40.784215° —113.829461° 2 1.3-2.5 angular 20 60 19 1 0
3 6-6.1 angular to 26 27 40 6 1.5
subangular
4 25.4-30.5 subrounded 0 10 89 1 0
6 33-40.6 angular 0 5 85 10 0
8 43.2-50.8  angular 5 5 80 9 1
11 96.5-137.2 angular 0 30 10 50 10 X
54 40.756302° —113.873357° 2 8.9-14 angular 15 75 8 2 0
4 26.7-40.6  rounded 0 15 35 40 10
6 50.8-63.5  subangular 0 15 40 35 10
9 86.4-92.7 angular 0 10 20 30 40
57 40.765733° —113.784140° 2 12.7 subangular 5 50 40 5 0
2 17.8 subangular 5 50 40 5 0
2 2.5 subangular 10 60 28 2 0
2 7.6 subangular 10 50 35 5 0

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology



APPENDIX H. X-RAY COMPUTED
TOMOGRAPHY

Several sample sizes (salt block to individual
halite crystal) were imaged with X-ray computed
tomography (Table H1). Supplementary CT data
to this article was processed with the program
FII and can be found online at https://doi.org/
10.5281/zenodo.4167214. Computed tomography
volumes were processed with non-local means
denoising to remove imaging artifacts (Darbon
et al.,, 2008; Buades et al., 2011). The sigma
value for this process is reported in Table H2.
CT volumes were also processed by trimming
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and reorienting samples and applying a thresh-
old to remove the air surrounding the sample
[Table H2, threshold value lower (8-bit)].

Total sample porosity was calculated using a
lower and upper threshold to designate voxels
as air or solid (Table H2). The ratio of solid to
air was then calculated to determine the poros-
ity. Permeability (Table H2) was calculated
using the binary (solid and air) cube and the
methods of Videla et al. (2008).

Manuscript received 27 January 2020; revision
accepted 21 February 2021

Fig. H1. X-ray computed tomography (CT) porosity data of crust from D-54 (Fig. 7B). Stratigraphic up is the top
of the page. Porosity is shown as cumulative values averaged (A) horizontally with the average of slices perpen-
dicular to bedding or (B) vertically with slices parallel to bedding (B1 to B4). Black areas denote lower porosity
while light areas denote higher porosity. This sample’s bulk porosity is 29% (£5%). The areas denoted to the left
of (A) with boxes indicates the sliced and averaged area that is cut parallel to bedding in (B1-B4). (B1) Porous area
around bottom growth crystals. (B2) Chevron and cornet crystal layers with planar pores between crystal faces (ar-
row). (B3) Early vertical dissolution pipes, some occur at the junction of bottom growth crystals (arrow). (B4)
Heterogenous horizontal distribution of porosity in altered bedded halite layer with halite cement overgrowths,
porosity primarily occurs at vertical dissolution pipes and vugs. Sizeable cm-scale void to the left (arrow).
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Table H2. Calculated ranges of porosity (using different threshold values) and permeability (calculated using the
methods of Videla et al. (2008); as well as values used to process samples to remove imaging artifacts. The sigma
value is the input used when processing CT data with non-local means denoising (Darbon et al., 2008; Buades

et al., 2011)
High Porosity
Low porosity estimate estimate

Threshold  Sigma

value lower value  Threshold Threshold Porosity Permeability
Sample ID (8-bit) (NLM) value Porosity (%) value (%) (cm?)
Syn88F_fluidinclusions CT 55 25 20 5.8 - - -
BSF 35 2.a 1 10 100 16 - - -
BSF_35_2.b 1 10 90 3.47 - - -
BSF-54A_CT 73 15 130 24 150 33.7 -
Offtrack_3 30 5 60 45 71 25 -
Ontrack_3 30 5 75 20 90 30 -
Salt_flats_no_8 65 5 110 11.4 125 24 5.11E-06
Salt_flats_no_9 30 10 80 10.6 90 19 2.06E-06
Salt_flats_no_14 115 5 125 29.5 130 37 2.89E-06
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