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Tufas—carbonates that form in ambient-temperature, freshwater settings—are valuable
paleoenvironmental proxies of their depositional conditions. In this study, we use tufa deposits
from the Santa Cruz, CA region to (i) model regional paleohydroclimate and (ii) investigate
controls of biosignature formation at multiple spatial scales. Previously undescribed inactive,
spring-associated tufa mounds (~2 m wide and each over 1 m thick) from Henry Cowell State
Park and Pogonip Park were investigated in this study. Henry Cowell additionally hosts carpeted,
fluvial tufa adjacent to an active tufa-depositing spring. Infrared stimulated luminescence (IRSL)
dating was used on cores collected from the two inactive mounds to determine the timing of
carbonate growth. Radiocarbon ('*C) dating was carried out on charcoal fragments from the
fluvial carbonates at Henry Cowell State Park. IRSL and '*C dates of samples collected from the
two sites agree with the age models from other proxies of past pluvial periods in the region (~16
to 5 ka). A piece of charcoal revealed the fluvial carbonates are relatively younger in age (853 +
.04 years BP) and likely represent recent or modern flow conditions. Decimeter-scale samples
collected from Henry Cowell State Park were used for petrographic analysis and biosignature
investigation. Microscopic investigations using light microscopy revealed specific biological and
mineralogical controls on the meso (cm-scale) to macroscopic (m-scale) morphologies. Distinct
light and dark calcite bands (~0.1-0.5 mm in thickness) were identified in all samples collected
from Henry Cowell State Park suggesting seasonal growth patterns. The presence of the calcite
microstructure of Qocardium stratum, a freshwater algae that is endemic to tufa environments at

both sites, implies the inactive mounds formed under high stream velocities and are of meteoric



origin. In the fluvial carbonates, decimeter-scale tufa mounds grow concentrically and vertically
and display smaller domes (several cm in diameter), most of which contain smaller
protuberances (several mm in diameter)—a cauliflower-like fabric. The mm-scale protuberances
are internally laminated making them a clear astrobiological target due to their stromatolitic
morphology. Diatoms were also found in the crust of samples collected from both perched and
fluvial carbonates, further indicating biotic influence on tufa formation at the mm- to micro
scales. As the first multiscale and chronological analysis of tufas in the Santa Cruz region, this
work lays the groundwork for future analyses that will further corroborate their

paleoenvironmental and astrobiological significance.
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1. Introduction

Tufas are terrestrial carbonates that form from ambient temperature spring water (Ford
and Pedley, 1996) and can serve as potential archives of paleoclimate (Andrews, 2006) as well as
proxies for biosignatures of ancient life (Potter-MclIntyre et al., 2017). The carbonates trap and
entomb the aquatic microbial life that thrives in these freshwater settings. The calcification of
microorganisms (predominantly algae) and tufa growth is influenced by environmental
conditions (Andrews & Brasier, 2005; Andrews, 2006; Merz-Preill and Riding, 1999; Matsuoka
et al., 2001; Sancho et al., 2015; Kano et al., 2003; Capezzuoli et al., 2014) that can fluctuate
seasonally to form mm-scale layers (Andrews, 2006; Andrews and Brasier, 2005; Arenas et al.,
2014; Ford and Pedley, 1996; Kano et al., 2003; Matsuoka et al., 2001). Environmental factors
that affect the morphologies and seasonal deposition of tufa include water temperature, stream
velocity, water chemistry, water depth, distance from the spring input, and the physiological
activity of flora and bacteria (Arenas et al., 2014; Andrews and Brasier, 2005; Capezzuoli et al.,
2014). Analyzing tufa morphologies at different scales can reveal depositional information about
(1) hydroclimate and (2) aquatic microbial communities. Given their rapid rates of formation,
tufas present the opportunity to study seasonality as well as relatively short-lived climatic events
(Andrews, 2006; Arenas & Jones, 2017).

1.1 Aims of Research

This study investigates previously undescribed tufa deposits from two sites in the Santa

Cruz, CA region: Pogonip Park and Henry Cowell State Park (Fig. 1). Ancient (>1,000 years)

samples were collected from each site and modern samples (<1,000 years) were collected from



Henry Cowell State Park. Ancient tufa was used to assess paleohydroclimate conditions during
tufa deposition via petrographic analysis, Infrared Stimulated Luminescence Dating (IRSL) and
radiocarbon dating. Examples of modern and ancient tufa were used to establish biosignature
preservation at multiple scales (Fig. 4). The aims of these analyses are to (i) constrain the timing
of deposition of the ancient tufa mounds; (ii) describe the environment in which the tufa formed;
(i11) establish distinguishable biosignatures at multiple scales that can be detected by current
rover technology on other planets. Results from this research will help inform models of future
and past changes in hydroclimate in a region projected to experience continued drying under the
influence of anthropogenic climate change (Cook et al., 2010) and will help guide future

astrobiological studies on other rocky planets.



Figure 1. Geologic Map of Santa Cruz County, CA
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Figure 1. Geologic map of Santa Cruz, CA county, noting areas of Pogonip Park and Henry Cowell State Park. Includes
locations of inactive, ancient tufa deposits noted in this study. Map adapted from Brabb, 1989.



1.2 Background

Most tufa studies involve modern or currently-forming and well-preserved Quaternary
deposits, which are a common feature of many Mediterranean and other semiarid regions
(Pedley, 2009; Arenas et al., 2014). Tufas are commonly used as paleoenvironmental archives
and to investigate microbe-mineral interactions (Capezzuoli et al., 2014). The term tufa refers to
any freshwater carbonate that forms under ambient temperature conditions and they usually
preserve microfossils as well as casts and molds of aquatic and terrestrial plants (Pedley, 2009).
While the presence of microorganisms is not necessary for tufa to form, some microphytes can
influence tufa deposition (Capezzuoli et al., 2014). In the Santa Cruz region, cyanobacteria and
algae (e.g., diatoms) inhabit the spring water and influence the textures and formation of the
modern and ancient tufa (e.g. Boelts et al., 2020; Ibarra & Sanon, 2019).

Tufa formation is typically associated with regions that have a limestone component to
the bedrock under a range of seasonal environmental conditions (Arenas et al., 2014; Kano et al.,
2003; Matsuoka et al., 2001; Andrews & Brasier, 2005; Shiraishi et al., 2010). The principal
environmental controls include water temperature, stream velocity, water chemistry, water depth,
distance from the spring input, and physiological activity of flora and bacteria (Arenas et al.,
2014; Kano et al., 2003; Matsuoka et al., 2001; Andrews & Brasier, 2005). All of these factors
combined, along with regional topography (Viles et al., 2007), control the seasonal trends and
overall morphologies of tufa deposits (Arenas et al., 2014; Shiraishi et al., 2010) (see Table 1).
Seasonal tufa deposition can be represented by mm-scale laminae, which can vary in texture,

thickness, and color (Arenas et al., 2014; Arenas & Jones, 2017; Shiraishi et al., 2010).



The temperature of cold springs usually mimics the temporal pattern of the air
temperature across seasons (Shiraishi et al., 2008). Therefore, spring water temperature can be
reflective of overall climate and season that the region was experiencing at the time of tufa
formation (Matsuoka et al., 2001). Moreover, water temperature controls the type of organisms
that thrive in the aqueous environment, which can determine whether a particular set of laminae
formed biotically or abiotically. For example, Qocardium stratum, a green algae, is known to
thrive in ambient-temperature spring waters and secretes extracellular polymeric substances
(EPS), which induces calcite formation (Ibarra & Sanon, 2019). Spring velocity and turbulence
impacts the rate at which tufa can form—high flow velocities and turbulence induces CO»
degassing from the water, which favors calcite precipitation (Arenas et al., 2014). Photosynthesis
by aquatic microorganisms is also thought to have an impact on tufa formation, however its
significance is currently disputed (Shiraishi et al. 2008, 2010; Arenas et al. 2014; Spiro &

Pentecost, 1991; Andrews & Brasier, 2005).

1.3 Tufa as a Proxy for Paleoclimate

The presence of large, meter-scale ancient tufa accumulations in semi-arid regions is
indicative of past episodes of greater groundwater recharge, or past pluvials (Capezzuoli et al.,
2014; Ibarra et al., 2015; Viles et al., 2007). Certain facies and erosional features can be
indicative of historical changes in water discharge (Arenas et al., 2014; Viles et al., 2007;
Capezzuoli et al., 2014). Understanding these past changes in hydroclimate can provide context
for how the region’s hydroclimate will vary in the future (Ibarra et al., 2015). So far, little
investigation has been done on the paleoclimatic significance of tufas in the Santa Cruz region.

However, other studies have been conducted in similar climates at comparable latitudes around



the world and can be used as a reference when discussing tufa as a proxy for paleohydroclimate
in the Santa Cruz region (e.g., Andrews et al., 2000; Andrews & Brasier, 2005; Arenas et al.,
2014; Arp et al., 2001; Beverly et al., 2015; Cremaschi et al., 2010; Desouky et al., 2015; Ibarra
etal., 2015; Kano et al., 2003; Ozkul et al., 2013; Pedley, 2009; Rodriguez-Berriguete & Alonso-

Zarza, 2019; Sancho et al., 2015; Sanders et al., 2011; Viles et al., 2007).

1.4 Astrobiological Significance of Tufa

There is strong evidence that tufa-like deposits exist on Mars (Pellicer et al., 2014;
Horgan et al., 2020; Niles et al., 2013; Ehlmann et al., 2008; Morris et al., 2010; Michalski &
Niles, 2010; Halevy et al., 2011). Although there is currently no evidence that life exists on
Mars—now or in the past—certain geologic features on the surface of Mars suggest that the
planet previously displayed conditions that would have been conducive to harboring life
(McMahon et al., 2018, Cabrol & Grin, 1999; Fassett & Head, 2008; Goudge et al., 2016; Grant
et al., 2008; Grotzinger, et al., 2015; Malin & Edgett, 2003; Metz et al., 2009; Moore & Howard,
2005, Horgan et al., 2020; Wordsworth, 2016; Farley et al., 2020). Given previous evidence of
Martian carbonate forming under ambient-temperature conditions and fluvial geomorphological
features on the surface of Mars (i.e., McMahon et al., 2018, Cabrol & Grin, 1999; Fassett &
Head, 2008; Goudge et al., 2016; Grant et al., 2008; Grotzinger, Gupta, et al., 2015; Malin &
Edgett, 2003; Metz et al., 2009; Moore & Howard, 2005, Horgan et al., 2020; Wordsworth,
2016; Farley et al., 2020), tufa mounds derived from ambient-temperature, freshwater springs
have the potential to serve as analogs for similar landforms on Mars (Pellicer et al., 2014, Rossi
et al., 2008; Halevy et al., 2011). Tufas can be an analog for subaerial environments on Mars

(Hays et al., 2017; Cady et al., 2003), such as the delta in Jezero Crater.



In the search for traces of life (i.e. biosignatures) in Early Earth deposits or on other
planets there is a dearth of unequivocal criteria that distinguishes microfossils and biotically
controlled structures from pseudofossils and non-biologically produced structures (Cady et al.,
2003; Cady & Noftke, 2009; Dupraz et al., 2009; Grotzinger & Knoll, 1999; Wagstaff &
Corsetti, 2010). If microbes did, in fact, exist on Mars we might expect them to be preserved in a
similar way to microbes in Earth’s rock record (McMahon et al., 2018; Farley et al., 2020). The
calcified microbial textures—e.g., stromatolites—found in the tufas from Henry Cowell State
Park likely formed under microbial influence and are discernable signs of life that can be
identified by current rover technology on Mars, which can photograph features as small as ~0.5
mm (Williford et al., 2018). Investigating these textures will help inform sample prioritization on
Mars and other rocky planets. Using a multiscale biosignature analysis (sensu Ibarra & Corsetti,
2016), of modern and ancient tufa from Henry Cowell State Park, I will distinguish

morphological biosignatures at scales that could be detected by current rover technology.



2. Geologic Setting of the Santa Cruz Region

The Santa Cruz region—roughly 80 miles south of San Francisco State University—
experiences an arid Mediterranean climate (Adam et al., 1981) and, on average, receives 65 cm
of precipitation annually with an average annual temperature of 14 degrees Celsius (Lyle et al.,
2010). On longer timescales, the Santa Cruz region fluctuates between wet and dry periods—
correlating with glacial and interglacial cycles—and it is likely that there was an increase in
rainfall in central California during the most recent interglacial wet period (12,500 to 4,500 years
ago) (Lyle et al., 2012). The study sites are located between the San Andreas Fault (to the east)
and the San Gregorio and Sur-Nacimiento Faults (to the west) (University of California..., 2005).
Moreover, the region is situated on the Salinian block, which presents a basement complex of old
metamorphic rocks and more recent granitic rocks (Lee, 1992) that is being uplifted and pushed
northward by the San Andreas Fault (Anderson & Menking, 1994). Santa Margarita sandstone
and Santa Cruz mudstone overlay the basement complex, but much of these Formations have
been eroded in the vicinity of the study sites (see Fig. 1) (Lee, 1992). The sites that were
investigated in this study, Pogonip Park and Henry Cowell State Park, are located on the
southwestern part of Ben Lomond Mountain and are part of the greater Santa Cruz Mountain
range (University of California..., 2005).

The limestone marble bedrock that underlies much of the region is primarily composed of
calcite and comprises the region’s karst system (University of California..., 2005). The karst
system contains extensive solution cavities, which store and transport groundwater (University of
California..., 2005). The known depth to groundwater in the marble aquifer system is variable—

ranging from approximately 30 to 90 meters below the ground surface (University of



California..., 2005). This variability in depth would likely contribute to the changes in the rates
of discharge among the region’s karst springs.
2.1 Henry Cowell State Park

Henry Cowell State Park is located approximately seven miles north of the city of Santa
Cruz (California State Parks, 2011). Geologically, the southern part of the park contains schist
and granite, while the northern part consists of sandstone and mudstone as well as quartz-diorite
(Brabb, 1989; California State Parks, 2011). Given its close proximity to Ben Lomond
Mountain—part of the greater Santa Cruz Mountains—the park displays a mountainous
topography. The park is divided into two units, separated by the city of Felton, CA: Henry
Cowell Redwoods State Park and the Fall Creek unit. Our research site is located in the Fall
Creek unit (Fig. 1), which encompasses 2,390 acres of land as well as the entire Fall Creek
watershed (California State Parks, 2011). We investigated an inactive, ancient tufa mound and
modern tufas. The modern and ancient deposits are on Mesozoic or Paleozoic pelitic schist and
quartzite, part of the Salinian block (Brabb, 1989). Ringtail Creek, the water source of interest in
this investigation, is one of several streams in the Fall Creek watershed and extends for 1.26
kilometers (“Ringtail Creek™). The creek is actively forming tufa today, however the rates of tufa

formation are currently unknown.

2.2 Pogonip Park

Just north of the University of California Santa Cruz campus and two miles inland from
the Pacific Ocean is the 614 acres that composes Pogonip Park (Lee, 1992). Pogonip Park is

situated on one of the ~5 marine terraces in the region and topographically consists of steep



10
slopes and gullies as well as flat meadows and terraces (Lee, 1992)—although less mountainous
compared to Henry Cowell State Park. The marine terraces are mostly mudstone and are part of
the Monterey Formation (Bradely, 1957). The rocks that compose Pogonip Park include: marble,
schist, quartz-diorite, Santa Margarita sandstone and Santa Cruz mudstone (Lee, 1992). Karst
topography is evident in this area due to the presence of limestone and marble (University of
California..., 2005). It is thought that much of the surface water drains into the karst
underground system, is held in a fractured aquifer system, and is then discharged into springs
(University of California..., 2005). The spring that formed the carbonate outcrop of interest in
Pogonip Park would have likely been a product of the groundwater system described above, and,
perhaps, Ringtail Creek is a product of a similar system.

The ancient tufa outcrop described in this study sits along the Spring Trail in Pogonip
Park and is exposed along the trail for 15 meters. Its thickness varies along the path from 2.5
meters to the east and 4 meters to the west and the buildup of carbonate displays a wedge shape
(Ibarra & Sanon, 2019). Similar to the outcrop in Henry Cowell State Park, determining the full
extent of this outcrop is difficult given the amount of topsoil and vegetation that covers it. The
mound’s exposed facies display porous textures and weakly bedded macrostructures (Fig. 2)
(Ibarra & Sanon, 2019). It is likely that the mound was altered by humans when the trail was
built, therefore making it difficult to place it in a depositional model. However, given the
description from Ibarra and Sanon 2019, the mound likely represents a perched, inactive tufa
model. Furthermore, while an ephemeral spring is relatively nearby (~100 meters) there is

currently no evidence that the spring is related to the mound (Ibarra & Sanon, 2019).



Figure 2. Exposed Tufa OQutcrop in Pogonip Park
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3. Methods

3.1 Sample Collection
3.1.1 Pogonip Park

The paleohydroclimate encoded in the tufa deposits from Pogonip Park was assessed by
collecting three tufa cores (each 25 mm in diameter and up to ~60 cm long) of the exposed
outcrop (Fig. 2). Two cores were collected for luminescence dating using a Shaw portable core
drill. Core PN was collected roughly 80 cm from the base of the section (Fig. 3B). Core P1 was
collected 10 cm from the base of the section approximately 2 m north from core PN. Upon
collection, the two cores were immediately transferred into photographic bags while in the field,
and stored in dark conditions until their subsequent luminescence analysis at the Illinois State
Geological Survey. Prior to analyses, core PN was slabbed longitudinally using amber lighting.
Half of the core (PN) was repackaged in light-sensitive bags for IRSL analyses and the second
half was scanned on a flat-bed scanner for further textural analyses. The third core was sliced in
half vertically using a wet tile saw, and each half was examined petrographically at SFSU.

3.1.2 Henry Cowell State Park

This study used one core and nine decimeter-scale samples from Henry Cowell State
Park. Of the nine samples, five were from the perched, inactive tufa mound and four were
collected from the carpeted modern tufas. Collection of decimeter-scale hand samples and core
from the ancient mound was limited by the steep topography of the area. All samples were
slabbed and scanned on a high-resolution flat bed scanner. Cross sections were subsequently
made into thin sections—nine from the ancient mound and five from the modern tufas. Field

photos, decimeter-scale hand samples, cross sections, and thin sections were used for
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petrographic analysis. The core from Henry Cowell (25 cm) was extracted horizontally
approximately 8 cm from the base of the mound, below the tufa curtain (Fig. 3A). The core was
cut in half length-wise; half was scanned on a flat-bed scanner and two samples (each ~2 cm in
length) were prepared for palynological analyses at Global GeoLab Limited. Fragments of

charcoal from the insoluble residue of these two samples were dated using radiocarbon.

3.2 Radiocarbon

Five Accelerator Mass Spectrometry (AMS) '*C dates were obtained from carbonate and
organic fragments collected from the ancient tufa mound and modern tufa in Henry Cowell State
Park and the ancient tufa mound in Pogonip Park. One carbonate fragment of the Pogonip core
that was selected for '“C analysis lacked organics and therefore the carbonate was dated instead.
Two ~6 cm fragments (the most innermost section and the furthest out section) from the Henry
Cowell core contained an abundance of organics (pollen/charcoal), which underwent *C analysis
(Fig. 3A). The associated carbonate from the innermost part of the core was also dated (Fig. 3A).
A carbonate sample from the carpeted, modern tufas adjacent to the current path of the carbonate
spring contained ample charcoal. We hand-picked the largest charcoal piece (measuring at 2
cm?) for '*C analysis (Fig. 3C). Samples were sent to the UC Irvine Keck Laboratory for

radiocarbon analysis.
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Figure 3. Locations of ‘Dark Cores’ and Charcoal Sample
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Figure 3. (A) Location of ‘dark core’ collected from Henry Cowell State Park for IRSL and radiocarbon dating. (B) Location of
‘dark core’ collected from Pogonip Park for IRSL and radiocarbon dating. (C) Piece of charcoal for radiocarbon dating
collected from sample UHCI. Sample collected from Henry Cowell State Park.

3.3 Infra-Red Stimulated Luminescence (IRSL)
Depositional chronology was constrained by luminescence dating (Aitken, 1998; Rhodes,
2011). Luminescence dating is based on the principle that quartz and orthoclase
minerals (among others) have an intrinsic property of recording ambient energy, released
through natural radioactivity. This clock is easily reset by a short exposure to sunlight (minutes
to hours). Buried, these minerals will record the ambient energy, whenever radioisotopes of
uranium 238, thorium 232, and potassium 40 experience a radioactive decay. For this project, we

use IRSL of K-feldspar minerals since tufa primarily consists of carbonates, while silicate
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minerals are relatively sparse. There is an additional focus on K-feldspar rather than quartz
because K-feldspar emits a stronger luminescence signal (by a few orders of magnitude).
Utilizing quartz would severely limit the amount of measurements possible on a core, but we
were not limited with K-feldspar. K-feldspar minerals also have a significant internal source of
radioactivity (from *°K). The distribution of radioactive elements in tufa is sparse and
heterogenous, therefore, having an internal source of radioactivity tempers this external

influence (Ibarra et al., 2015).

3.4 Multiscale Observations

The facies of the 14 decimeter-scale tufa samples collected from Henry Cowell State
Park were analyzed and compared at multiple spatial scales. These scales include micro-
(millimeters or less), meso- (centimeters), macro- (decimeters), and mega- (meters or more) (Fig.
4). Microscale observations were made using petrographic analysis of thin sections. Meso- and
macroscale observations were made via photomosaics of thin sections and petrography of hand
samples (both in situ and in cross-section). Lastly, mega-scale observations were made while
surveying the deposits in the field. The internal and external (surface) facies were considered

when determining the potential processes, or controls, that influenced their formation (Table 1).



Figure 4. Lateral Comparative Analysis
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Figure 4. Lateral comparative and multiscale analysis of tufa. Modified from Ibarra & Corsetti, 2016.
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Table 1. Processes of Control on Tufa Morphology

Scale of Morphogenesis (inorganic) Biogenesis (organic) Diagenesis
control (postdeposition)
Local um  Crystal growth; Microbes Cementation, dissolution,
stream water precipitation;
chemistry replacement/inversion;
micritization

mm  Crystal growth;
sedimentation

cm  Crystal growth;
cement growth;
sedimentation

m  Spring outflow;
lateral gradients of
(physical, chemical)
flow; turbulence

Nonlocal km Climate; seasonality;
water level/depth;
water chemistry;
nutrient supply

Microbes; passively
altering textures;
actively inducing
precipitation
Biofilms; microbial
mats; trapping and
binding of sediment
Biofilms; microbial
mats; microbial
chemical/nutrient
recycling

Dispersal of microbial
communities
(controlled by factors
in km-scale
morphogenesis)

Cementation; dissolution;
precipitation

Cement, dissolution,
precipitation

Soft-sediment
deformation; burial;
slumping; desiccation;
displacive growth by
evaporites

Burial; compaction;
tectonic deformation

Table 1. Potential processes of control on tufa morphology in Henry Cowell State Park at various scales (modified from Ibarra

& Corsetti, 2016).
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4. Results

4.1 Spring Carbonate Facies
4.1.1 Perched Carbonates

The ancient tufa mound (> 1,000 years old) in Henry Cowell State Park is roughly 4
meters thick and spans a length of around 4.5 meters (Fig. SA). It sits roughly 15 meters south of
the current path of Ringtail Creek. The steep topography of the area, along with the vegetation
and topsoil that sits above the mound, makes it difficult to know its full extent and macrofacies
(e.g. stepped terraces). The mound is wedged into the side of a steep slope and its southern unit
resembles waterfall facies with small curtain-like features towards its base (Pedley et al., 2003)
(Fig. 5B). The southern part of the mound that was accessible for sample collection displays
drippy speleothems (Fig. 7A). Moving north along the face of the outcrop, the surficial
macrostructure becomes “spikey” followed by a “popcorn” fabric, partially covered by a blue
fungus (Fig. 5B).

Carbonate samples collected from the perched tufa contain distinct, irregular banding at
the mesoscale (approximately 0.2-0.5 mm in thickness). The mm-scale bands alternate between
sparry and micritic laminae. The texture of carbonates is defined by vuggy, mesoscopic pore
space. At a microscopic scale, carbonate fabrics are primarily composed of micrite, microspar,
and spar—all of which are irregularly distributed (Figs. 6 & 7). Most samples contained bands of
microalgal fossil remains—specifically Oocardium stratum and diatoms. Oocardium was found
in bands of spar, while diatoms were typically present in micritic fabrics and pore space (Figs. 6
& 7). Furthermore, diatoms and diatom frustule molds (~50-100 pm in length) as well as well-

preserved coccoid biota (~15 pm in diameter) co-exist in all diatom-bearing samples (Fig. 7).
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Figure 5. Ancient Tufa Outcrop in Henry Cowell State Park

Figure 5. (A) Perched, inactive springline carbonate mound. Human for scale. (B) Surficial macrostructures of accessible tufa
mound. (C) Drippy speleothems and tufa curtain of the southern portion of the tufa mound. Hammer for scale.
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Figure 6. Internal Facies of Perched Carbonates at Multiple Scales

Figure 6. (A) Cross-section of carbonate sample. Depicts vuggy pore space and banding of Oocardium. Sample collected from
Henry Cowell State Park (B) Lamina of fossilized Oocardium. (C) Banding of fossilized Oocardium (sparry, dense laminae)
altering between porous, micritic laminae. Sample collected from Henry Cowell State Park (D) Cross-section of carbonate
referenced in (C). (E) Dendritic mm-scale shrubs in a prominent band of polished carbonate core collected from Pogonip Park
(modified from Ibarra & Sanon, 2019). (F) Dog-toothed spar growing in pore space.
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Figure 7. Facies of Perched Carbonates (Drippy Speleothems)

Figure 7. (A) Drippy speleothem morphology of tufa outcrop. Location of where (B) was collected. (B) End piece of speleothem
in cross-section. (C) Fossilized pennate diatoms in micritic fabric. Preserved in the crust of the speleothem. (D) Mold of diatom
frustule encrusted with isopachous calcite. Coccoid biota present around frustule mold. (E) Molds of diatom frustules and
coccoid biota at a slightly larger scale.
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4.1.2 Fluvial Carbonates
Upstream from the ancient tufa mound in Henry Cowell State Park, immersed in Ringtail

Creek, were modern tufas (< 1,000 years old). We examined an area spanning approximately 6
square meters that exhibits paludal/channel and stromatolitic facies (Fig. 8, Pedley, 2009), which
was located approximately 30 meters from the spring source. At the macroscale, the carbonates
contained decimeter-scale domes, whose surface displayed a “cauliflower”-like fabric (Fig. 8B,
9). The decimeter-scale domes (Fig. 8B) as well as the cauliflower-like textures were internally
laminated and hence stromatolitic (Figs. 9 & 10). The stromatolitic laminations alternated
between bands of spar and micrite, but the overall fabric were dominated by irregularly
distributed micrite, microspar, and spar with poor lateral continuity between adjacent decimeter-
scale mounds. Most samples contained a relatively high abundance of clastic material such as
schist, granite, and charcoal clasts (Fig. 9 & 10). Well-laminated and banded crust surrounded

the inner clastic area, with calcite bands ranging in 0.1-1 mm in thickness.

Figure 8. Fluvial Carbonates In Situ from Henry Cowell State Park

Figure 8. (A) 6 square meter study area of fluvial tufas carpeted in and around Ringtail Creek. (B) Cauliflower-like texture of
fluvial tufas in situ.
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Figure 9. Multiscale Facies Analysis of Fluvial Carbonates

1cm
R

Figure 9. (A-B) Cauliflower-like outer fabric at macro- and meso- scales respectively. (C) Sample in cross-section. (D) Piece
sample in thin section. Internal stromatolitic fabrics show upward direction. (E-F) Pennate diatoms preserved in crust.
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One sample collected close to the spring path contained horizontally oriented diatoms
(~20 pum in length) in its outer crust (Fig. 9) and thus on the surface of the cauliflower-like
fabric. Moreover, porous fabrics contained filamentous morphologies measuring ~8-10 um in
diameter (Fig. 9). There were three prominent internal textures that comprise this sample: dense
micrite, pores, and sparry areas (Fig. 9). The presence of diatoms in the crust of the other
submerged or partially submerged samples could not be confirmed because their outer layers
were not mounted in thin section.

Another sample that was collected several meters away from the spring contained
fossilized Oocardium and relatively continuous, distinct banding (Fig. 10). The internal and
external morphology of this sample differed from those collected near the spring path. The
banding (>0.1-0.3 mm in thickness) alternated between light and dark as well as dense and
porous textures. Vuggy porosity is observed throughout this sample. More porous textures and
cylindrical molds are observed towards the bottom of the sample (Fig. 10). This, and the subtle
domal shapes of certain laminae, indicated an up direction (Fig. 10). Overall, this sample most

closely resembled those collected from the perched outcrop.
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Figure 10. Facies of Distal Fluvial Carbonate at Multiple Scales

Figure 10. Multiscale facies of carbonate collected distal from the spring path and fluvial carbonates in Henry Cowell State
Park. (4) Outer layered morphology. (B) Sample in cross-section. (C) Photomosaic image of thin section. (D) Alternating layers
of fossilized Oocardium and porous, micritic textures.
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4.2 Ages

Table 2. '*C age data for carbonate and organics from the tufa deposits

UCIAMS  Sample name Location 14C age (BP) + 2 sigmarange® AgeCyBP?
240214  UHCl-charcoal Henry Cowell Fluvial 920 20 840-911 853
240216  HC3-residue Henry Cowell Perched 5380 20 6227-6279 6206
240217  HCl-residue Henry Cowell Perched 7170 20 7944-8017 7986
240222  HCl-carb Henry Cowell Perched 3675 20 3963-4088 4030
240223  PO-carb Pogonip 13965 35 16851-17092 17000

Table 2. “Calibrated age on IntCAL Reimer et al., 2020

Table 3. Luminescence results for each of the two “dark cores”

Grain Size Equivalent Dose rate
ISGS code  Sample Mineral (um) dose (Gy) (Gy/ka) Age (ka)
684 Pl K-Feldspar 63 -100 6.6+£0.9 0.54+0.02 122+1.8
709 Pogonip "N"  K-Feldspar 40 - 63 11.5+0.8 0.45+0.02 256+2.2

4.2.1 Radiocarbon
A charcoal piece from a tufa sample UHC1 from the fluvial carbonates at Henry Cowell
State Park has a calibrated age range of 840-911 cy BP (25) (Reimer et al., 2020). The data was
calibrated on CALIB 8.2 (Stuivier et al., 2021) using the calibration curve INTCAL20 for non-
marine samples. Organic residue (microscopic charcoal fragments) from the Henry Cowell core
have calibrated ages of 6,206 and 7,986 cy BP and corroborate the stratigraphic order we would

expect given the inferred paleoflow direction at the time the tufa mound was deposited. The
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calibrated age of a carbonate sample (HC1-carb) from the core at Henry Cowell State Park is
4,030 cy BP. The calibrated age of a carbonate sample from the third core collected at Pogonip
Park (innermost piece) is 17,000 cy BP. The *C ages of carbonate, however, likely reflect
mixing of soil derived CO; with old bedrock carbon and are therefore not considered meaningful
here for temporal reconstruction—even if they fall within the range expected based on the *C
results at Henry Cowell State Park and the luminescence results (described below) for Pogonip
Park.

4.2.2 IRSL

Two IRSL measurements were obtained from the cores collected at Pogonip Park (one
age measurement for each core) (Table 3). Sample P1 has an age range of 12.2 + 1.8 ka. A radial
plot illustrating the uncertainty in the age measurement is shown in Appendix A. The 12.2 £ 1.8
ka reported here are for K-spar grains whose ages fall within the 2o range (Appendix A). After
the fading correction (Huntley and Lamothe, 2001), each circle on the radial plot represents the
age and uncertainty, for a single aliquot. The age is read on the arc axis, by drawing a straight
line from (0, 0), passing through a circle and intersecting the radial axis (log scale). The (0, 0)
coordinate corresponds to a 0 standardized estimate (y-axis) and O precision (x-axis). The
uncertainty is read on the horizontal axis, by drawing a perpendicular line reaching a circle.
Hence, two aliquots, having the same age, but with different uncertainty, will lay on the same
straight line (from (0, 0) to the radial axis). The aliquot with the smaller uncertainty (higher
precision) will be closer to the arc. Values (filled circles) within the light grey shaded band are
consistent (at 2c) with the weighted mean (Central Age Model). A cluster of aliquots within this

shaded band expresses confidence that we have a population of grains consistent with a single
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age. It is noted that there is a cluster of ages slightly outside the 26 range at ~6 ka and another at

~22 ka (Appendix A).

Sample PN has an age range of 25.6 + 2.2 ka, however, it is noted that the IRSL decay
curve between the natural and the laboratory induced dose (regen) shows a pronounced change
(see Appendix A) rendering this age unreliable. The smaller size fraction of K-spar grains
detected in the core PN (Table 3) likely contributed to the differences in the decay curves. It is
important to note that due to the high lateral morphological variability and erosional nature of
tufa deposition, it is likely that these ages do not reflect the only tufa growth periods at this site

and/or that we did not sample other potential zones of paleoflow.
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5. Discussion

5.1 Comparison to Other Regional Paleoclimate Proxies

Quaternary terrestrial records of paleoclimate are limited in the Santa Cruz, CA region.
Arguably the most robust terrestrial proxy of paleoclimate in the region is the pollen record
(Rypins et al., 1989, Adam et al., 1981). Rypins et al., (1989) used pollen collected from Point
Reyes, CA (210 km north of Santa Cruz) to model past shifts in plant ecology. Between 12 ka
and 10 ka, the area was dominated by Abies (fir) and Pseudotsuga (Douglas fir), implying cooler
and wetter conditions. Adam et al., (1981) drew slightly contradicting conclusions from pollen
and radiocarbon dating of plant debris collected from Clear Lake, CA (280 km north of Santa
Cruz). Their results indicate a transition from cooler and wetter conditions to warmer, modern-
day climate between 15 ka and 10.4 ka due to the gradual increase in Quercus (oak) and decrease
in Pinus (pine) during that time period. The difference in timing between Rypins et al., (1989)
and Adam et al., (1981) could be attributed to the differing climates between Point Reyes, CA
and Clear Lake, CA—where Point Reyes is coastal and experiences relatively cooler summers
than Clear Lake, which is further inland. Reneau et al., (1986) collected radiocarbon dates of
charcoal from basal colluvium in hollows in Marin County, CA (130 km north of Santa Cruz) to
model past landslide events. Such erosional events are thought to be climatically controlled
and/or attributed to changes in vegetation. This study found a higher frequency of landslides
between 11 ka and 9 ka, indicating heavier rainfall during this time. Another terrestrial record
that warrants comparison involves stable isotope analysis and U-series dating of stalagmites from
Moaning Cave, California (Oster et al., 2009), which suggests an increase in rainfall from 12.4

ka to 9.6 ka. However, it should be noted that this study is not proximal to the Santa Cruz region
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and 1s more widely applicable to the broader central California/central Sierra Nevada region. The
most proximal terrestrial record to our sites is that of a speleothem (stalagmite) from White
Moon Cave, CA (Oster et al., 2017). The White Moon Cave record indicates coastal California

experienced an increase in effective moisture at 8.2 ka.

The marine sediments off the California coast also include pollen data. Lyle et al., 2010
collected pollen and oxygen isotope data from deep-sea cores at ODP site 1018 (75 km west of
Santa Cruz, CA). Their results reveal a relatively low abundance of herbs, grasses, and shrubs
with a high abundance of forest communities (alder, oak, and redwood) from 13 ka to 5 ka,
signaling wetter conditions in the region at the time. Benthic foraminiferal oxygen isotope values
were used to corroborate their age model. The results from Gardner et al., (1988) aligns with the
age model from Lyle et al., (2010). Pollen collected from a core that was located approximately
100 km west of the mouth of the Russian River shows that A/nus (alders) started to increase in
abundance at around 16 ka and declined at 7 ka (Gardner et al., 1988). This is significant because
alders favor colder and wetter climates. Gardner et al., (1988)’s findings placed the climate in
“disequilibrium” from 15 ka to 5 ka, and a wet event could have occurred within that time frame

as is supported by the pollen data.

Although these studies, and others (e.g., Lyle et al., 2001; Heusser & Shackleton, 1979),
have found correlations between onshore and offshore climate, none of the proxies noted in
Table 4 are directly tied to hydroclimate, making the tufas in Santa Cruz, CA a particularly
valuable addition to the region’s paleoclimate record. All records mentioned, however, point to

the same broad trend: a wetter and colder climate during the Pleistocene through the Pleistocene-
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Holocene transition and then a long-term drying conditions up to today. The tufa ages support
higher groundwater discharge and therefore heavier rainfall (i.e., a pluvial) during the late
Pleistocene to Pleistocene-Holocene transition (~6-8 ka), thus generally agreeing with other
regional proxies of paleoclimate. The ages of the tufa correspond most closely with the terrestrial
records mentioned, which may reflect the differing sensitivities between proxies and depositional
settings. Lastly, pollen has been collected from the cores from each site in Santa Cruz. However,

their ages and classification has yet to be determined (see Future Work).

Table 4. Timings of Region’s Most Recent Wet Event with Corresponding Studies and

Proxies
Source Proxy Timing of wet event
Lyle et al., 2010 Pollen and benthic oxygen | 13 kato 5 ka
isotopes
Reneau et al., 1986 Radiocarbon analysis of 15 kato9ka

charcoal from basal
colluvium in 11 California
hallows

Oster et al., 2017 Carbon and oxygen isotope | 8.6 ka to 6.9 ka
analysis and U-series dating
of stalagmite cores

Rypins et al., 1989 Pollen and radiocarbon 12 kato 9.4 ka
dating

Adam et al., 1981 Pollen and radiocarbon 15kato 10.4 ka
dating

Gardner et al., 1988 Pollen 16 kato 7 ka

Oster et al., 2009 Carbon and oxygen isotope | 11.6 ka to 9.6 ka

analysis and U-series dating
of stalagmite cores
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5.2 Facies Interpretations

The geomorphological differences of the perched and fluvial tufa in Henry Cowell State
Park imply that they formed during different depositional periods. This is also supported by the
differing ages of the ancient mound and fluvial tufas. Given the heightened altitude of the
perched tufa, it likely formed at a time when the water table was higher than its modern level
(e.g., Ibarra et al., 2015; Dominguez-Villar et al., 2011); the presence of spring tufas at different
elevations in similar settings can be indicative of shifts in water table levels (Dominguez-Villar
et al., 2011). In addition, the path of the spring likely shifted westward compared to today. Thin
section analyses indicate the perched tufa experienced some extent of meteoric dissolution and
cementation given its well-lithified texture and vuggy porosity (Fig. 6A, D, 7B). This could
indicate that they formed in the vadose zone (Ibarra et al., 2015) and/or experienced increased
outflow (Martin-Algarra et al., 2003). Furthermore, the presence of dog-toothed spar growing
into the pore space (Fig. 6F) indicates several dissolution events—further implying previous

wetter conditions.

Samples collected at the base of the mound contain distinct seasonal banding that
alternate between Oocardium-rich spar and micrite (Fig. 6A-D). Samples collected from higher
parts of the mound and in or around the tufa curtain area also contain laminations but lack
Oocardium. Rather, these samples are rich in diatoms (Fig. 7), revealing potential differing water
characteristics (e.g., flow) between different parts of the mound. Shapes resembling partially or
entirely dissolved diatom frustules (Fig. 7D-E)—some with spar growing outwards from the
mold (Fig. 7D)—imply dissolution and possible silica recycling. While all samples from the

perched tufa displayed seasonal patterns (see Seasonal Patterns), the differences in algae between



33
its base and curtain is likely a reflection of differences in stream velocity and/or water chemistry

during carbonate deposition at the different sites.

The geomorphic differences observed in the fluvial deposits—high abundance of clastic
material and fabrics that are relatively unaltered from dissolution—points to a depositional
setting that reflects recent tufa growth under present conditions. The lack of Qocardium—with
the exception of the sample found adjacent to the stream path—also signals that the spring
outflow has decreased over the last 10,000 years. The modern water temperature is within the
favorable range for Oocardium growth (9-13° C), so stream velocity, or water chemistry, is likely
the main factor attributable to its absence in the fluvial carbonates. Furthermore, the range of
fabrics between fluvial samples and location of the fluvial carbonates is relatively less variable
compared to the perched tufa (Figs. 6A, 6D, 7B, 9C, 11). All samples found in situ fully or
partially submerged in the spring display a distinct stromatolitic, cauliflower-like texture (Figs.
9A-C, 11). Similar fabrics have been previously observed in carbonates and they are typically
associated with the presence of microbes (Gérard et al., 2018; Suchy et al., 2019; Pacton et al.,
2015; Benson, 1994; Sanders et al., 2006; Chafetz & Folk, 1984). Diatoms were present in the
laminated crust of one fluvial sample that was found partially submerged in the spring, but
diatom presence in other fluvial samples could not be determined because their outer features
were not mounted on thin section. It is possible that the smaller, rounded fossilized biota are
cyanobacteria commonly associated with diatoms in freshwater settings (e.g., Saghai et al., 2015;
Gérard et al., 2018; Cantonati et al., 2012; Pacton et al., 2015), which would need to be
confirmed with SEM analysis and microbiological examination. There were fewer distinct molds

of diatom frustules found in the fluvial carbonate, implying that they have experienced less
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erosional and diagenetic events since deposition. There is no correlation between crystal size and
biota presence and they appear laterally continuous in thin section (Fig. 9E-F). However, the
least densely lithified areas/laminae are correlated with diatom presence, reinforcing the role of
diatoms in creating porous fabrics in this setting (Boelts et al., 2020) and may contribute to the
formation of the cauliflower-like fabric (see Multiscale Biosignature Analysis). Moreover,
cauliflower-like fabrics have been observed to be produced in relatively calm, shallow-water
settings (Benson, 1994; Pacton et al., 2015; Suchy et al., 2019; Gérard et al., 2018), which may

explain why cauliflower-like fabric is absent from the perched tufa.

The sample collected adjacent to the fluvial carbonates further suggests that the
depositional setting has shifted over time. However, it is unclear whether we found this sample
in its true depositional environment or if it was transported some time ago. The well lithified,
laminar internal structure corresponds more closely with the perched tufa rather than the fluvial
carbonates. Its distinct banding also contains altering, stromatolitic laminae that contain calcified
algae (Fig. 10), similar to the internal structures of the perched tufa. Although, the banding in
this sample is relatively more laterally continuous suggesting it was deposited in less turbulent
flow and contains fewer pores pointing to less erosional or diagenetic events. The laminae
alternate between light-colored spar containing fossilized Qocardium and darker colored, porous
micrite (Fig. 10). The micritic bands may contain diatoms but this would need to be confirmed

using SEM analysis.



35
5.2.1 Seasonal Patterns
The internal structures of tufa are controlled by various local conditions related to
topography and hydrology (Pedley, 1990) as well as the organisms that colonize its surface
(Kano & Fuji, 2000). Internal banding was observed in both the perched and fluvial carbonates.
The presence of annual or seasonal banding in cold-water carbonates can also offer a high-
resolution paleoenvironmental record of short-term changes in climate (Matsuoka et al., 2001;
Kano et al., 2004, 2003; Andrews & Brasier, 2005; Kano & Fuji, 2000; Brasier et al., 2010;
Pedley & Rogerson, 2010). Like tree rings, the laminations typically show a regular rhythm of
growth and their growth reflects seasonal patterns and changes in local environment and climate
(Kano & Fuji, 2000; Arenas et al., 2014). The color and texture of each lamination reflects the
conditions—or season—that it formed in (Kano & Fuji, 2000; Andrews & Brasier, 2005). For
example, in Japan (Kano & Fuji, 2000) and Germany (Arp et al., 2001) lighter laminae were
associated with higher water temperatures (warmer months) and darker laminae were associated
with colder water temperatures (cooler months). The opposite patterns have been observed in
other parts of the world—implying that depositional controls differ regionally (Viles &
Pentecost, 2008; Pentecost & Spiro, 1990; Freytet and Plet, 1996; Janssen et al., 1999; Monty,
1976). Moreover, light and dark laminae can also be associated with seasonal changes in biota
(Freytet & Plet, 1996; Viles & Pentecost, 2008; Pedley & Rogerson, 2010, 2010; Arp et al.,
2001; Kano et al., 2003). The Oocardium-bearing laminations in samples from Henry Cowell
State Park were likely formed during the summer, or warmer months of the year (see Significant

Calcifying Biota). Since there is a lack of biota present in the banding of the fluvial tufas, stable
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oxygen isotope analysis should be carried out to see which texture and color corresponds to

which season (see Future Work).

Texture—i.e., dense and porous—has also been observed to change seasonally in
laminations (Arenas & Jones, 2017; Arenas et al., 2014; Viles & Pentecost, 2008; Arp et al.,
2001; Kano et al., 2003; Andrews & Brasier, 2005; Matsuoka et al., 2001). However, there are
chronological constraints to tufa laminations (Kano & Fuji, 2000; Andrews & Brasier, 2005). For
instance, if a stream is not active throughout an entire year, tufa deposition will cease (Kano &
Fuji, 2000). Furthermore, certain biota such as endolithic bacteria or the roots of plants can
penetrate the tufa, thus obscuring the internal structures (Kano & Fuji, 2000; Arp et al., 2001).
These factors should be considered when analyzing tufa laminations for paleoclimate

information.

5.3 Significant Calcifying Biota

There are two common microphytes in the Santa Cruz region that are involved in the
formation of tufa: Oocardium stratum and diatoms. Qocardium is a freshwater algae that is
known to thrive in ambient-temperature, high-velocity spring waters and secretes extracellular
polymeric substances (EPS), which induces calcite formation around its cell structure (Ibarra &
Sanon, 2019; Sanders & Rott, 2009; Gradzinski, 2010; Rott et al., 2010). In other tufa-depositing
springs, the rate of Oocardium calcification has been observed to be more rapid than abiotic
calcification by one to three orders of magnitude (Sanders & Rott, 2009). In samples collected
from Santa Cruz, the presence of Qocardium can be seen at the meso (centimeters) scale in the
form of distinct white/cream banding (Fig. 6A) as well as mm-scale dendritic shrubs (Fig. 6E)

(Ibarra & Sanon, 2019). The presence of Qocardium in tufa settings can be indicative of seasonal
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deposition; in similar settings Qocardium is known to thrive during the warmer, “well-lit”
months of the year (Sanders & Rott, 2009). Therefore, the Oocardium-bearing laminations in
samples used in this study were likely formed during the warmer months of the year, while the
darker, micritic laminations were formed during the colder months. This should be corroborated

with stable isotope analysis, however.

The diatoms that have been identified prior to this study in thin section and coated grains
(see Boelts et al., 2020) from Henry Cowell State Park primarily consist of two morphological
groups: pennate (common) and centric (less common). The presence of diatoms in this setting
signals that the water contains silica, which is needed for the diatoms to produce their frustules
(Leng & Marshall, 2004; Viles & Pentecost, 2008). Unlike Oocardium, diatoms in similar
freshwater tufa settings have been observed to be the most abundant during the winter months
(Golubi¢ et al., 2008; Arp et al., 2010; Sanders & Rott, 2009; Plee et al., 2008). Diatoms are also
known to secrete extracellular polymeric substances (EPS), which contributes to the porosity of
tufas in Henry Cowell State Park (Boelts et al., 2020), and have been commonly observed in
micritic tufa in similar settings (Gradzinski, 2010). However, diatom distribution in fluvial and
perched samples is not always attributed to micritic banding (Fig. 9D-F). Diatoms may be
present within darker, micritic laminae but this would need to be confirmed with SEM analysis.
Until then, their unequivocal biosignatures at the micro and meso scales cannot be determined.
Moreover, their association with other algal flora and distribution throughout the carbonate

stream in Henry Cowell State Park remains unknown.
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5.4 Astrobiological Implications

Fluvial tufa settings are key targets in the search for potential biosignatures on other
planets like Mars due to their rapid lithifying nature, which can preserve aquatic
microorganisms. The lack of tectonic activity on Mars and the slower weathering rates compared
to Earth, suggests Mars may serve as a window into early Earth environments (McMahon et al.,
2018; Cady et al., 2003; Farmer & Des Marais 1999; Michalski et al. 2017; Ramirez &
Craddock, 2018; Wordsworth, 2016; Farley et al., 2020). Networks of valleys and sedimentary
rocks dating back to the Noachian and Hesperian Periods (roughly 4-3.6 billion years ago) allude
to Mars as a much more habitable planet with a relatively high abundance of liquid water at its
surface (McMahon et al., 2018; Farmer & Des Marais, 1999; Michalski et al., 2017; Horgan et
al., 2020; Cabrol & Grin, 1999; Ramirez & Craddock, 2018; Niles et al., 2013; Williford et al.,
2018; Wordsworth, 2016). Furthermore, orbital data has shown significant geomorphological
features that are typically formed by liquid water such as fluvial valleys, paleolake deposits,
meandering and braided channels, alluvial fans and deltas—some of which have been interpreted
as opening onto the shoreline of an ocean (McMahon et al., 2018, Cabrol & Grin, 1999; Fassett
& Head, 2008; Goudge et al., 2016; Grant et al., 2008; Grotzinger, Gupta, et al., 2015; Malin &
Edgett, 2003; Metz et al., 2009; Moore & Howard, 2005, Horgan et al., 2020; Wordsworth,
2016; Farley et al., 2020). These environments could have hosted microbial life and suggests that
the planet also had a denser atmosphere (McMahon et al., 2018; Ramirez & Craddock, 2018;

Niles et al., 2013; Michalski et al., 2017; Horgan et al., 2020; Grotzinger et al., 2015).

The twin Viking landers in 1976 marks the first NASA mission that prioritized searching

for life on other planets (Williford et al., 2018). The missions that followed began to evolve from
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seeking evidence of modern life on Mars, and rather toward looking for traces of ancient life
(Williford et al., 2018). Evidence pointing to early Mars containing surface water, a magnetic
field, and an atmosphere—being more Earth-like—stirred up excitement about the implications
of past habitable environments and planetary evolution (Williford et al., 2018). Thus, the
scientific community has shifted its focus toward the exploration of ancient environments that
have the potential of yielding biosignatures (Williford et al., 2018). The missions to Mars that
have followed the twin Viking rovers have confirmed the presence of carbonates on its surface
(Horgan et al., 2020, Ehlmann et al., 2008; Morris et al., 2010; Michalski & Niles, 2010).
NASA’s Perseverance rover will investigate carbonates in Jezero Crater, which was once a
fluvio-lacustrine depositional setting that may have been conducive to creating and preserving
tufa-like deposits (Williford et al., 2018; Horgan et al., 2020; Farley et al., 2020). Moreover, the
rover will seek to collect samples for possible Earth return (Williford et al., 2018; Farley et al.,

2020).

5.4.1 Multiscale Biosignature Analysis

Biosignatures are signs of life that are preserved in the rock record as morphological
microfossils, macroscopic sedimentary structures, or chemofossils (Potter-McIntyre et al. 2017;
Cady and Noftke, 2009; Cady et al., 2003). Biosignature interpretation is not always straight-
forward, the preservation of biosignatures is often affected by events (e.g., weathering) that
occur after deposition as well as the stability of primary minerals (Hays et al., 2017; Cady et al.,
2003). Characterizing multiple types of biosignatures at macro-scales has been deemed a priority
for the Mars 2020 mission (Hays et al., 2017). Considering the limitations of our own knowledge

of Earth’s early life in the rock record (e.g., Brasier et al., 2002; Schopf, 1993), it is unlikely the
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Perseverance rover will be able to give substantial evidence to show the planet was once
inhabited (Farley et al., 2020). Therefore, we are more concerned with identifying samples that
have the greatest biosignature preservation potential for Earth sample return (Williford et al.,
2018; Farley et al., 2020). Furthermore, the lack of evidence of life on Mars would also be a
scientifically novel result (Farley et al., 2020). Such a result would indicate that some
environments that may be considered habitable by Earth standards are not always inhabited—

thus contributing to our model of habitability beyond our own planet (Farley et al., 2020).

Stromatolites have been deemed particularly significant for biosignature investigations on
Mars as well as paleoclimate studies (Shiraishi et al., 2010; Gammeriello et al., 2014; Petryshyn
et al., 2012; Andrews & Brasier, 2005; Arenas & Jones, 2017; Capezzuoli et al., 2014; Eymard et
al., 2020). Ancient stromatolites contain the earliest record of life on Earth (Hofmann et al.,
1999; Allwood et al., 2009; Awramik & Sprinkle, 1999) and are defined as “an attached,
laminated, lithified sedimentary growth structure, accretionary away from a point or limited
surface of initiation” (Semikhatov et al., 1979). They typically contain successive millimeter- or
micrometer-scale laminae that accrete upward and can be flat, domal, coniform, columnar, or
branching columnar in shape (Cady et al., 2003; Bosak et al., 2013; Riding, 2000). Their
production is thought to be aided by algae via biologically-induced calcite precipitation or
trapping and binding of sediment (Gammeriello et al., 2014; Bosak et al., 2013; Dupraz et al.,
2009; Riding, 2000). However, the extent to which biological inputs influence the formation of
stromatolites, and therefore their unequivocal biosignatures, remains unclear (Ibarra & Corsetti,
2016; Buick et al., 1981; Lowe, 1994; Grotzinger & Knoll, 1999; Lindsay et al., 2003; Andrews

& Brasier, 2005; Riding, 2000).
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Given the evidence of past fluvial settings on Mars (McMahon et al., 2018, Cabrol &

Grin, 1999; Fassett & Head, 2008; Goudge et al., 2016; Grant et al., 2008; Grotzinger, Gupta, et
al., 2015; Malin & Edgett, 2003; Metz et al., 2009; Moore & Howard, 2005, Horgan et al., 2020;
Wordsworth, 2016; Farley et al., 2020), the fluvial carbonates from Henry Cowell State Park
may serve as an appropriate proxy. The domal, cauliflower-like fabric displayed in the fluvial
tufas (Figs. 9A-C, 11) has a relatively high biosignature potential, as observed by the literature
(Gérard et al., 2018; Suchy et al., 2019; Pacton et al., 2015; Benson, 1994; Sanders et al., 2006).
Moreover, this fabric is easily distinguishable at a macro-scale that can be identified by current
rover technology. In cross-section and thin section, these domes display a stromatolitic fabric—
each individual bump is representative of one micro-scale domed stromatolite (Figs. 9C-D, 11).
The micro-scale domes are seemingly biotically controlled, however the larger scale, meso-scale
bulges and internal fabrics are ambiguous in origin. The amount of variability in the morphology
of fabrics at this scale implies controls that are abiotic (e.g., water flow, water chemistry, clastic

material).

At the micro scale, we noted distinct banding and the presence of diatoms (Fig. 9D-F)
indicating seasonal patterns as well as biotic controls. Laterally continuous diatom presence
points to laminae as a calcified microbial mat. This suggests that the EPS from the diatoms
would have contributed to tufa growth. The alterations between dense laminae and non-densely
lithified laminae containing diatoms suggests that seasonal, abiotic factors are at play as well.
This implies that the more porous bands formed during seasons that favor diatom presence and
the dense bands formed during a subsequent season when diatoms are not present. However, this

should be further investigated using stable isotope analysis of carbonate oxygen and carbon to
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identity potential seasonal trends. The outer crust of the sample contains a distinct domal shape
that alludes to an up-direction. On the other hand, the more internal banding is noticeably flatter
and does not contain a clear up direction. It is possible the smaller, mm-sized, mounds are a
consequence of microbial growth, which is further supported by the presence of biota in the outer
layers and no known fossils in the inner features. This would need to be further investigated
through SEM analysis, which would reveal potential microbial traces in the internal, older

textures.

Our observations of the tufa fabrics from Henry Cowell State Park enforces that the role
of microorganisms in tufa formation is ambiguous, but not passive. Overall, our investigation
supports the idea that as we scale up the controls of the tufa features, they begin to transition
from biotic to abiotic, local to nonlocal (see Ibarra & Corsetti, 2016) (Table 1). Given our
evidence of some extent of biotic input and evidence from literature of similar cauliflower-like
fabrics associated with microbes, this fabric has a high biosignature potential. Regardless of
whether laminations contain fossilized microbes, their correlation to seasonality is highly
significant. Therefore, this macro to micro-scale texture should be considered for their
biosignature potential/Earth sample return if found on Mars. Given the relationship between
diatom presence and porous fabrics in tufas from similar settings (Arp et al., 2001; Gradzinski,
2010), it would be advised that SEM analysis is considered in future investigations. It should
also be noted that diatoms were not abundant on Earth until the late Cretaceous (Riding, 2000)
and we would therefore not expect to find diatom-induced morphologies in Mars’ rock record.
However, amorphous biofilms such as EPS produced by diatoms and other algae and bacteria

would be important contributors to fabric alteration.
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6. Conclusions

The spring-associated tufas in the Santa Cruz, CA region are a valuable addition to the
Quaternary paleohydroclimate record of the region. Moreover, they serve as promising proxies to
inform the search of life on Mars. The ages of the ancient tufa from Pogonip Park and Henry
Cowell State Park—from '*C and IRSL analyses—corroborate other regional records of
paleoclimate and support wetter conditions (i.e. pluvials) during the Pleistocene-Holocene
transition. The differences between the perched and fluvial carbonates point to two different
depositional settings; the perched carbonates likely formed in a wetter climate and the fluvial
carbonates formed in a dryer, more modern-day setting. IRSL dates reveal the tufa cascade in
Pogonip Park was active from ~10.4 to 14 ka, which is slightly older than when the perched tufa
in Henry Cowell State Park was active (~6 to 8 cy BP). These ages agree with the timing of what
other regional proxies reveal to be a colder, wetter climate. Moreover, the presence of
Oocardium in the inactive tufa indicates the depositional setting experienced higher water levels
than today. '*C analysis of charcoal from the fluvial carbonates show that they formed relatively
more recently (~850 years BP) and likely under present-day conditions. Seasonal patterns are
evident in both ancient and modern samples from Henry Cowell, which should be investigated
further using stable isotope analysis. The cauliflower-like external fabric of the fluvial
carbonates has significant biosignature potential and its micro-scale features are likely formed,
in-part, biotically. This should, however, be further investigated using SEM analysis.
Furthermore, the larger-scale features were likely the consequence of abiotic inputs. Should this

fabric be identified on Mars, it should be considered for Earth sample return.
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7. Future Work

Due to the COVID-19 pandemic, several analyses were left out of this study but should
be considered for future work. First, stable isotope analysis of carbonate would be useful for
determining the depositional processes that influenced tufa formation (Swart, 2015) and present
a regional paleoclimate record (Andrews, 2006). Specifically, oxygen isotope values reveal the
temperature of the water in which each lamination in a tufa formed (Andrews and Brasier, 2005).
Carbon isotope values in carbonates reflect local carbon contributions (Swart, 2015). Next,
scanning electron microscopy (SEM) would reveal if and what microbe morphologies are present
in samples that could not be determined with light microscopy. Lastly, the pollen that has been
collected from the cores would be a valuable proxy for corroborating the region’s existing pollen
record as well as the broader paleoclimate record. Moreover, there is currently no pollen record

from Santa Cruz, CA, adding to its scientific value.
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Appendix A: Distribution of ages for ‘dark core’ P1
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Appendix A. Age distributions, as a histogram and a radial plot, afier fading correction (Huntley and Lamothe, 2001).
Each circle on the radial plot represents the age and uncertainty, for a single aliquot. The age is read on the arc axis,
by drawing a straight line from (0,0), passing through a circle and intersecting the radial axis (log scale). The (0,0)
coordinate corresponds to a 0 standardized estimate (y-axis) and a 0 precision (x-axis), The uncertainty is read on the
horizontal axis, by drawing a perpendicular line reaching a circle. Hence, two aliquots, having the same age, but with
different uncertainty, will lay on the same straight line (from (0,0) to the radial axis). The aliquot with the smaller
uncertainty (higher precision) will be closer to the arc. Values (filled circles) within the light grey shaded band are
consistent (at 2s) with the weighted mean (Central Age Model). A cluster of aliquots within this shaded band express
confidence that we have a population of grains consistent with a single age.
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