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Abstract

Sub-annually resolved environmental proxies can be valuable archives of climate change, but they are rare in terrestrial set-
tings, and it can be difficult to verify their annual nature. We suggest that speleothems that grow in well-ventilated zones of
caves may preserve such high-resolution records. Near-entrance cave environments are characterized by year-round, near-
atmospheric CO, concentrations and are significantly influenced by surface air temperature fluctuations, particularly in tem-
perate latitudes. Previous monitoring studies of a well-ventilated, temperate-latitude cave (Westcave Preserve, central Texas)
have documented seasonal variations in the oxygen isotope composition of calcite grown on glass substrates (with winter §'%0
maxima and summer 3'%0 minima) as well as seasonal variations in drip water trace element compositions. Extending this work
to a stalagmite (WC-3) from the same drip site, we find that stalagmite 'O variations are similar in magnitude to the seasonal
8'%0 variations previously observed for calcite grown on glass substrates, that stalagmite [Mg] variations have a similar sea-
sonal period with winter minima and summer maxima, and that geochemical variations follow stalagmite growth fabric as
mm-scale couplets comprising thin, slow-growing, compact sparry calcite laminae (winters) and thicker, fast-growing,
porous-elongate columnar calcite laminae (summers). We interpret a high-resolution (weekly to monthly) 52-year record of
5'80, Mg, Sr, and Ba in WC-3, and report new monthly measurements of drip water and associated calcite grown on glass
substrates. We find drip water 5'®0 and [Mg]/[Ca] are essentially invariant and that seasonal variations in WC-3 calcite
3'%*0 and Mg concentration agree well with predicted temperature-dependent fractionation between water and calcite.
WC-3 calcite Sr and Ba also vary, but with higher and more variable frequencies compared to 5'%0 and [Mg]. The annual nat-
ure of 5'%0 and [Mg] cycles is supported by monitoring and '*C bomb-peak chronology. We suggest that stalagmite 8'30 and
[Mg] vary primarily in response to large seasonal temperature changes in this setting, allowing for unambiguous differentiation
between summer and winter calcite growth. From such §'%0- and [Mg]- derived sub-annual chronologies, the timing of enrich-
ments in other geochemical species that are less directly coupled to external cave temperature (e.g., calcite Sr and Ba) can be
considered as proxies of other important processes such as water-rock interaction in the epikarst, precipitation events, or
subsurface respiration rates. The potential for this kind of multi-proxy, seasonally-resolved dating may add near-entrance
stalagmites to the list (ice cores, lake varves, tree rings) of high-resolution terrestrial proxies available for paleoclimate studies.
© 2018 Elsevier Ltd. All rights reserved.

Keywords: Sub-annual chronology; Near-entrance speleothem; Trace elements; Oxygen isotopes

* Corresponding author.
E-mail address: petercarlson@utexas.edu (P.E. Carlson).

https://doi.org/10.1016/j.gca.2018.04.036
0016-7037/© 2018 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.gca.2018.04.036
mailto:petercarlson@utexas.edu
https://doi.org/10.1016/j.gca.2018.04.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2018.04.036&domain=pdf

56 P.E. Carlson et al./ Geochimica et Cosmochimica Acta 235 (2018) 55-75

1. INTRODUCTION

Paleoclimate reconstructions endeavor to interpret the
nature and history of climate change over a range of scales
in both time and space. The temporal resolution of
paleoclimate reconstructions depends upon the precision
and accuracy of available age control available from
natural records. In this regard, proxies that reliably encode
environmental seasonality are of particular value, poten-
tially offering chronologies capable of sub-annual resolu-
tion. In terrestrial settings, the list of environmental
proxies capable of recording seasonality is short, and these
proxies are often limited in geographic occurrence or diffi-
cult to validate their annual nature. Karst systems span a
wide latitudinal range, covering ~15% of Earth’s ice-free
land (Stevanovi¢, 2018), however, and laminated spe-
leothems from regions influenced by strong seasonal con-
trasts may also offer seasonally-resolved proxy records
(Boch et al., 2011). Provided the age and annual timing
of lamina development can be constrained, the derived lam-
ina chronologies can facilitate a wide range of high-
resolution studies (e.g., seasonality of rainfall, temperature,
soil productivity, and water resource management, Wolter
et al., 1999; Raich et al., 2002; Weiss et al., 2009; Dong
et al., 2010; growth and retreat of glaciers, Rupper et al.,
2009; geographic distribution of C; and C,; plants,
Schwartz et al., 2006; and refined U-series-based age
models, Shen et al., 2013). Speleothems may also encode
variations in and above the cave environment that are
non-periodic or stochastic in nature. Coupled with
annually-resolved chronologies, the nature of these varia-
tions can be compared to historical or instrumental meteo-
rological records to evaluate potential controls and achieve
a better understanding of karst system processes.

Some speleothems have been shown to record annual
variations, including: laminations caused by seasonal varia-
tions in calcite growth (Genty, 1992, 1993; Baker et al.,
1993; Railsback et al., 1994; Genty and Quinif, 1996;
Genty et al., 1997; Johnson et al., 2006; Baker et al.,
2008), laminations caused by seasonal deposition of organic
matter or detrital material (e.g., Allison, 1926; Baker et al.,
1993; Shopov et al., 1994; McGarry and Baker, 2000), and
trace element concentrations following seasonal changes in
drip water chemistry (Kuczumow et al., 2003; Treble et al.,
2003; Borsato et al., 2007; Mattey et al., 2010). In general,
speleothems are useful terrestrial paleoclimate indicators
because of their long and continuous growth histories, their
widespread geographic distribution, and the wide
applicability of high-precision U-series geochronology for
constraining  high-temporal-resolution proxy records
(Schwarcz, 1986; Gascoyne, 1992; Wang et al., 2001;
McDermott, 2004). When present, regular annual varia-
tions in speleothem growth and geochemical composition
provide inherent age constraints on the timing and duration
of important karst processes, but visible laminations and
geochemical cycles in a stalagmite may not be reliably
annual in nature. Some stalagmite records that are other-
wise annually-laminated often include some years recording
no cycles or laminations, and some years recording multiple
cycles or laminations (Treble et al., 2005; Baker et al.,

2008). The annual nature of these signals must therefore
be confirmed by other age-constraint methods, such as
radiometric dates and known events observed in the stalag-
mite record (e.g., Smith et al., 2009; Nagra et al., 2017), by a
comprehensive understanding of karst processes through
cave monitoring (e.g., Frisia et al., 2000) or through stalag-
mite growth modeling (e.g., Genty et al., 2001a,b).

For the few speleothem studies that achieve annual or
sub-annual resolution, high resolution variations in oxygen
isotope composition (8'%0) and trace elements (especially
Mg, Sr, and Ba) in the speleothem calcite are interpreted
as markers of environmental change. Variations in oxygen
isotope compositions are often attributed to annual varia-
tion in rainfall oxygen isotope composition (e.g., Treble
et al., 2005; Johnson et al., 2006; Orland et al., 2015), and
Mg variations are often interpreted as a proxy for seasonal
variations of groundwater flux and its interactions with the
host rock (e.g., Fairchild et al., 2001; Treble et al., 2003;
Borsato et al., 2007; Orland et al., 2014; Rutlidge et al.,
2014). Both oxygen isotope fractionation and Mg partition-
ing between water and calcite are temperature-dependent
processes (Mucci, 1987; Rosenthal et al., 1997; Kim and
O’Neil, 1997; Huang and Fairchild, 2001), but speleothems
are typically selected from environmentally stable, deep
cave settings, where cave-air temperatures remain near
mean annual temperature year-round (Davies, 1953).

The entrances of caves often experience significantly
more temperature variation than deep within the cave
(Davies, 1953; Spotl et al., 2005). With notable exceptions
(e.g., Allison, 1926; Railsback et al., 1994; Roberts et al.,
1998; Johnson et al., 2006; Couchoud et al., 2009), however,
sites near the entrances of caves are typically avoided for
paleoclimate studies owing to concerns about the high vari-
ability of temperature, relative humidity, rates of CO,
degassing and calcium carbonate growth, biological activ-
ity, and uncertainties about how these variations impact
the geochemical composition of drip waters and speleothem
calcium carbonate (Hendy, 1971; Goede et al., 1990;
Gascoyne, 1992; Lauritzen and Lundberg, 1999; White,
2007). The large seasonal variations in temperature that
occur near cave entrances, however, could be useful as sea-
sonal chronometers if recorded in near-entrance stalag-
mites. In near-entrance settings, if the 3'%0 value of drip
water does not significantly vary at a seasonal scale, tem-
perature could be a primary control on speleothem §'%0
variations. Similarly, if drip water [Mg]/[Ca] are relatively
invariant on a seasonal scale in a near-entrance cave setting,
temperature may be a primary control on speleothem Mg
variations. While temperature estimates based on either
speleothem oxygen isotope values or Mg concentrations
are subject to significant potential error, near-entrance cave
environments in temperate regions may see enough sea-
sonal variation in temperature that these temperature-
sensitive proxies may act as useful annual chronometers.

At Westcave Preserve, the site of the current study, Feng
et al. (2014) found that the 3'®0 values of calcite grown on
glass substrates (substrate calcite, hereafter; collected
monthly, n = 16, October 2009 to March 2011) systemati-
cally fluctuated over a 2-3%o. range, following seasonal
cave air temperature variations, with 510 minima
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corresponding to warmer months. They also found that
comparable 880 cycles were preserved within the upper
6.7 mm of Westcave stalagmite WC-3. Because drip water
5'%0 values were relatively invariant (+ 0.16%0 VSMOW;
1o) compared to local rainwater (£ 2.19%0 VSMOW; 1o)
over this monitoring interval, Feng et al. (2014) concluded
that 5'%0 variation of WC-3 substrate calcite and stalag-
mite calcite is primarily controlled by seasonal temperature
variations, via the temperature-sensitive calcite-water oxy-
gen isotope fractionation factor, rather than changes in drip
water oxygen isotope composition. Casteel and Banner
(2015) assessed elemental compositions of drip water from
six Westcave monitoring sites over the same 2009-2011
interval and found positive correlations between tempera-
ture and drip water [Sr]/[Ca] and [Ba]/[Ca] at nearly all
monitoring sites, but not between temperature and drip
water [Mg]/[Ca]. The same study found that substrate cal-
cite growth rates were primarily controlled by seasonal sur-
face air temperature fluctuations, with increased summer
growth rates and decreased winter growth rates. The find-
ings by Feng et al. (2014) and Casteel and Banner (2015)
suggest that stalagmites growing in Westcave may respond
to temperature seasonality via variable 5'%0 compositions
and select trace elements, and that age models capable of
sub-annual resolution can be established from these
stalagmites. Here, we test these hypotheses by performing
high-spatial-resolution analysis of 3'%0, as well as of trace
elements (Mg, Sr, Ba), over the entire length of stalagmite
WC-3. Previous efforts to establish a high-resolution
chronology for WC-3 by U-series techniques proved
problematic, indicating only that the stalagmite grew
within the last century (Feng et al., 2014). Therefore, to
test the derived 8'%0 and trace element age models, we inte-
grate constraints provided by complementary radiocarbon

measurements from samples collected along the entire
WC-3 growth axis. In this effort, we suggest that first order
temperature seasonality can be resolved as an annual
chronometer (e.g., winters can be unambiguously resolved
from summers), but do not claim that paleotemperatures
are precisely recorded.

2. HYDROGEOLOGIC SETTING

The near-entrance stalagmite studied in this report
(WC-3) is from a small, shallow cave (Westcave), located
on the Edwards Plateau, approximately 50 km west of
Austin, TX (Fig. 1). Central Texas has a subtropical/sub-
humid to semi-arid climate (Larkin and Bomar, 1983).
Annual rainfall (~900 mm) in this region is bimodally dis-
tributed, with peaks in spring and late fall (Larkin and
Bomar, 1983). Temperatures vary seasonally over a
~15-16 °C range, between winter lows (5-17 °C) and summer
highs (21-33 °C; Feng et al., 2014).

Well-studied cave systems of the Edwards Plateau karst
system are mainly “deep” caves that experience small year-
round temperature variations and ventilate seasonally, pref-
erentially building up CO, when outside temperatures are
warmer than cave air temperatures (Banner et al., 2007,
Wong et al., 2011; James et al., 2015). The warm-season
buildup of CO; in “deep” cave environments causes calcite
precipitation to slow or cease entirely below active drip sites
during summer months (Banner et al., 2007; Wong et al.,
2011; James et al., 2015). In contrast, Westcave has two
large entrances and a small volume; its opening area-to-
volume ratio (~0.02 m*/m’) is 7-20x larger than typical
of deep cave systems in the region (from cave entrance
areas and volumes reported in Banner et al., 2007; Feng
et al., 2012, 2014; Fig. 1; Cowan et al., 2013). As a result,
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Fig. 1. Location map of Westcave Preserve within the Edwards Plateau of central Texas, and map of study site WC-3 near the rear entrance
of Westcave (modified from Reddell and Smith, 1962; Feng et al., 2014). Photograph shows proximity of WC-3 to rear cave entrance as well as
glass substrates used to measure calcite growth at drip water monitoring sites.
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Westcave is perpetually well-ventilated, experiencing near-
atmospheric CO, concentrations and near-surface air tem-
peratures year-round (Feng et al., 2014). Because of these
conditions, as well as relatively constant drip rates, spe-
leothem growth rates in Westcave are continuous and
higher year-round than in nearby deep caves, and increase
during the summer rather than slow or cease (Casteel and
Banner, 2015).

Westcave resides in the basal Cow Creek Limestone,
above the contact with the underlying Hammett Shale,
within a stream drainage (Heinz Branch Watershed) that
contributes flow to the Pedernales River. Situated beneath
a spring-fed waterfall, Westcave developed from combined
erosion of basal Cow Creek strata and precipitation of tufa
to partially enclose the cave. The waterfall and its plunge
pool keep relative humidity of Westcave air higher than
ambient air outside the cave (77-100%; Feng et al., 2014).
Westcave speleothems grow from vadose water, transmitted
through the overlying 20-25 m of Cow Creek Formation,
entering the cave most obviously through short soda straws
(2.5-15 cm; Feng et al., 2014). The near-entrance study site
(WC-3), is located within 2 meters of the rear cave entrance
(Fig. 1), and involves a single soda straw that feeds a
~10 cm stalagmite. Since collecting the stalagmite in June
2009, drip water and associated calcite, grown on glass
substrates placed normal to and centered on the former sta-
lagmite growth axis, have been collected at approximately
monthly intervals (Feng et al., 2014; Casteel and Banner,
2015; this study).

3. METHODS
3.1. Stalagmite sampling

Geochemical sampling for laser ablation inductively-
coupled plasma mass spectrometry (LA-ICP-MS) and
micromilling for isotope-ratio mass spectrometry (IRMS)
were performed on the surface of a l-cm thick central-
section slab of stalagmite WC-3. Intermittent porosity asso-
ciated with a central depression required that sampling
routes be laterally offset from the central growth axis, typ-
ically by <1 cm. A high-resolution digital color scan (Fig. 2)
of the slab surface was used to identify optimal sampling
routes positioned as close to and parallel to the central
growth axis as possible, while avoiding large pores and
areas previously sampled for U-series dating. Less-
destructive LA-ICP-MS was performed first. Subsequent
micromill sampling tracks typically overlaid, or were offset
within 2 mm of laser traverses. Follow-up digital scans were
used to precisely register LA-ICP-MS and micromill sam-
pling positions on the primary reference slab image. To
facilitate correlations between LA-ICP-MS transects and
IRMS sample tracks, we digitized 46 growth-layer surfaces,
hereafter termed “lamina datums” or LDs, that could be
confidently traced laterally through both sampling tracks
(Fig. 2, see insets A—C for detail). Although additional
LDs could have been mapped, the 46 digitized LDs on
average provide a stratigraphic control point approxi-
mately every 2mm throughout the extent of WC-3.

Large-format thin-sections, made from the opposing face
of the stalagmite slab surface, shown in Fig. 2, were used
along with the digital reference scan to characterize the pet-
rography of WC-3 growth laminae (see electronic annex).

For LA-ICP-MS analysis, complete stratigraphic cover-
age required two laterally-offset sampling routes. Each
route was analyzed in stratigraphic order, mainly as con-
tiguous 1-cm transects, replicated in situ to evaluate sample
and analytical reproducibility, using a 50 x 150 um
(H x W) rectangular aperture. The main “right” traverse
begins at the central base of stalagmite WC-3 and ends at
the top of the stalagmite to the right of the central high-
porosity zone (Fig. 2). Maintaining growth-axis-parallel
sampling required a 17° counterclockwise rotational shift
(to vertical) after the third transect. The “right” traverse
is interrupted by a previous U-series sampling location
(Fig. 2C). The “left” traverse runs left of the central high-
porosity zone and spans the missing U-series sampling
interval. To minimize the influence of high-frequency out-
liers, LA-ICP-MS elemental time-series were smoothed
using a 13-point moving median filter followed by a
13-point moving mean filter. The 13-point filter length
(37.18 um) is less than the height of the rectangular aper-
ture and should correspond to a very small (1-2 weeks) por-
tion of a season assuming 1-2 mm annual growth rates.
Following smoothing, replicate transect time-series were
found to be nearly identical, and were accordingly averaged
and concatenated to compile composite “right” and “left”
traverse elemental time-series. To directly compare the
high-resolution LA-ICP-MS data to the coarser strati-
graphic micromill sampling, LA-ICP-MS were further
binned into discrete intervals corresponding to the depths
and thicknesses of micromilled samples and averaged. All
further figures and discussion reference this coarser-
resolution LA-ICP-MS data.

For IRMS stable isotope sampling, an inverted micro-
mill system equipped with a 0.5 mm diameter bit was used
to collect speleothem calcite in consecutive 125 um step
advances (n = 824). Prior to collection, the surficial 100
um of material was removed and discarded. Individual sam-
ples, corresponding to milled volumes of 125 x 1750 x
1500 pm (H x W x D), were collected by scoopula and
immediately transferred to clean round-bottomed, 12 mL
Labco Exetainer® vials. Micromill sampling largely fol-
lowed LA-ICP-MS sampling routes in five linear collection
tracks (rectangular track outlines in Fig. 2), however, minor
positional variations were required to avoid irregularities
and disruptions within growth laminae (e.g., small pores
and microphreatic cements near larger voids). After IRMS
sampling, minor differences between the LA-ICP-MS and
micromilling depth scales were rectified using the 46 LDs.
Where each LD crossed the LA-ICP-MS tracks, the depth
was set to the depth of LD intersection with the micromill
depth scale. Between LDs, depths were interpolated.

For 'C analyses, a handheld drill was used to collect
2 x4 x2mm (H x W x D) calcite samples from the back
side of the WC-3 slab (high-resolution scan of sampled slab
in Electronic Annex Fig. A.l). Stratigraphic positions of
14C samples were transferred to the primary sampling face
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Fig. 2. High-resolution scan (2400 dpi) of a polished cross-section of stalagmite WC-3 showing: (1) persistent mm-scale laminated growth
fabric about the central drip axis throughout stalagmite growth intervals (labeled I-III in blue and delineated with bold blue lines); (2)
positions of LA-ICP-MS traverses (bold black lines; black crosses indicate boundaries between traverses), IRMS micromill traverses (black
open rectangles), and Feng et al. (2014) U-series geochronology sampling tracks; and (3) lamina datum (LD) traces (faint red dashed lines)
used to correlate LA-ICP-MS traverses with IRMS tracks. Inset views A—C are enlarged to the same scale and show detail of the sampling
tracks, stalagmite lamina, and LDs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

for correlation with LA-ICP-MS and IRMS sampling sites, Kosler (2008)). Isotope measurements were conducted by
based on comparison of visually-distinctive layers between isotope-ratio mass spectrometry (IRMS) of the micromilled
the slab faces. samples. Detailed methodology for analysis of substrate
calcite trace element concentrations (solution ICP-MS),
3.2. Cave monitoring stalagmite calcite and drip water oxygen isotope composi-
tion (IRMS), stalagmite calcite radiocarbon analyses, and
Monthly cave-monitoring and sample collection proce- stalagmite trace element concentrations (LA-ICP-MS) are
dures followed those developed for previous central Texas documented in electronic annexes. Although the IRMS
cave-monitoring projects (Musgrove and Banner, 2004; method collects stable carbon isotope ratios (8'°C) along-
Banner et al., 2007; Wong et al.,, 2011; Cowan et al., side 8'%0 values, carbon isotope values (Reported in
2013; Casteel and Banner, 2015). The monitoring in this Electronic Annex Table A5) did not exhibit regular oscilla-
report augments previously-reported 2009-2011 monitoring tions comparable to the 8'30 values, so were not integrated
data by extending the drip water 5'%0 data and calcite into this study.
growth rate data from Feng et al. (2014) and complement-
ing the drip water trace element data of Casteel and Banner 3.4. Construction of composite geochemical time-series
(2015) with corresponding substrate calcite trace element
measurements. Because of the need to offset some sampling traverses/
tracks laterally along the growth axis, precise comparison
3.3. Geochemical analyses of IRMS and LA-ICP-MS data required a means for accu-
rate and objective correlation between composited isotopic
Isotope and trace element analyses followed standard and elemental records. The graphical intersections of digi-

procedures (e.g., modified from McCrea (1950) and tized lamina datum horizons (LDs) with digitized sampling
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traverses/tracks (Fig. 2) provided this basis. Comparisons
of 8'80 variations between offset IRMS tracks and posi-
tions of cross-cutting LDs were first used to compile a
stratigraphic composite for IRMS data by excluding strati-
graphically redundant (overlapping) data. To obtain the
highest overall temporal sampling resolution, we retained
the track/transect with the higher average growth rate for
final compositing. A similar process was used to compile
a stratigraphic composite for LA-ICP-MS data. In each
case, correspondences were only confirmed after document-
ing comparable chemostratigraphic behavior (e.g., same
number of cycles between constraining LDs; LDs cross
overlapping tracks/transects at the same portion of a geo-
chemical cycle). Final IRMS and LA-ICP-MS composite
time-series are vertical base-to-top concatenations of the
optimal track/transect data. The final LA-ICP-MS data
composite is continuous, whereas the IRMS composite
has 107 (125pum) gaps due to insufficient sample or
preparatory/analytical problems. As most gaps (104 of
107) are isolated, however, they represent a minor loss of
stratigraphic information (<6-12%) relative to the typical
1-2 mm thickness of WC-3 growth layers.

3.5. Cycle-counting

From previous studies at this site, we expect to find
seasonal cycles to be recorded in calcite 5180, Mg, Sr,
and Ba. Feng et al. (2014) found that 5'%0 values of sub-
strate calcite to reach local maxima during the winters,
and local minima during the summers, whereas Casteel
and Banner (2015) reported drip water Sr and Ba reach-
ing local minima during the winters, and local maxima
during the summers, with little variation in drip water
Mg. Because only 5'%0 values of calcite have thus far
been shown at this site to respond directly and measur-
ably to seasonal temperature changes (Feng et al.,
2014), stalagmite 5'%0 cycles in particular needed to be
accurately and objectively identified and counted. We
subsequently use the derived 3'%0 cycle framework as a
primary reference to compare the timing of trace element
enrichment cycles.

We define cycles in the oxygen isotope record as com-
prising one distinct local peak (8'%0 maxima) and one dis-
tinct local trough (3'®0 minima), where each is defined by
at least two IRMS measurements. This definition excludes
potential single-point outliers, and establishes a minimum
resolvable cycle wavelength of six IRMS measurements,
or 0.75 mm. Second-order or missing peaks may be identi-
fied, as in Nagra et al. (2017), by adding optional tolerance
rules to constrain the acceptable spacing and amplitude for
count-worthy 8'%0 cycles. Specifically, we considered §'%0
maximum-minimum pairs (prospective cycles) with ampli-
tudes or thicknesses less than 50% of bracketing strati-
graphic cycles as possible second-order cycles, and those
with thicknesses greater than 200% of bracketing cycles to
indicate possible missing cycles. Counting cycles with and
without the tolerance rules provided a measure of §8'%0
cycle count uncertainty.

Prospective trace element cycles may also be identified as
consecutive local minima and maxima, above an amplitude
threshold. However, compared to the §'%0 signal, trace ele-
ment records exhibit signals with considerably more varia-
tion in amplitude and phasing, and have distinctly narrower
enrichment peaks than depletion troughs. This relegated
trace element cycle counting to a more qualitative basis
based on visibly-discerned distinct local enrichment peaks;
less distinct amplitude changes were also documented in
order to provide a range of possible cycle-counting
interpretations.

3.6. Empirical model of intra-annual calcite growth rates

The significant seasonal variability of substrate calcite
growth rates at this site (Casteel and Banner, 2015) sug-
gest that to achieve sub-annual resolution from an annual
cycle-based chronology, we must account for intra-annual
variations in calcite growth rate. Developing a model for
intra-annual calcite growth rate variations also allows us
to test the accuracy of our chronology against the instru-
mental record by tying individual stalagmite measure-
ments to specific date ranges. In this model, we use
monthly accumulation rates of calcite on glass substrates
collected over the course of eight years (mg calcite per
day; Feng et al., 2014; this study) to estimate a typical
year of normalized calcite growth. Dividing each monthly
substrate calcite growth rate by the total annual accumu-
lation of substrate calcite accounts for inter-annual
growth rate variations, as well as variations in accumula-
tion that may have resulted from variation in substrate
position/orientation. We model the normalized intra-
annual growth rate as a continuous piecewise linear func-
tion with two subdomains per year. These subdomains
have a boundary in the winter (lowest mean growth rate)
and a boundary in the summer (highest mean growth
rate). Normalized cumulative growth is the integral of
this function: a quadratic piecewise function that is
second-order continuous. Because these measurements
have been normalized, the cumulative growth of calcite
in one year is unity.

Each year, cumulative calcite growth begins at zero in
winter at the minimum normalized growth rate and acceler-
ates to the calculated maximum normalized growth rate in
the summer, then decelerates back to the minimum normal-
ized growth rate. Normalization allows us to consider this
growth rate not just in terms of mg calcite per day on a
10 x 10 cm glass substrate, but also as expected linear
extension rates along the growth axis of the stalagmite over
the course of a year. Taking the inverse of this piecewise
quadratic function, we can estimate intra-annual timing
of calcite growth for a range of annual calcite growth rates
in stalagmite WC-3. To apply this model to the stalagmite,
we assign the maximum &'%0 value in each cycle as January
1, approximately the coldest expected day of the year. For
the intervening samples, we scale the growth rate model to
the stratigraphic thickness of the cycle and convert from
stratigraphic depth to time.
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4. RESULTS
4.1. Additional monitoring

Substrate calcite records of Mg, Sr, and Ba from August
2009 to September 2011 (Fig. 3) show seasonal variations
characterized by summer enrichments and winter deple-
tions. Mg concentrations in substrate calcite range from
2560-3160 ppm in the winters to 4250-5990 ppm in the
summers. Sr concentrations range from 159-179 ppm in
the winters to 242-336 ppm in the summers. Ba concentra-
tions range from 44-63 ppm in the winters to 71-105 ppm
in the summers. All three elemental records are highly cor-
related to each other (r? > 0.9), although the strongest cor-
relation is between Sr and Ba (Mg vs. Sr, r* = 0.906; Mg vs.
Ba > =0.922; Sr vs. Ba, 1’ = 0.990). Mg is the only sub-
strate calcite trace element record to correlate with the
3'%0 record from Feng et al. (2014; r* = 0.417, p = 0.023).

Additional monthly measurements of substrate calcite
growth rates (Fig. 3 reinforce the seasonal trends reported
in Casteel and Banner (2015), with higher summer growth
rates (median 17.5 mg/day) than winter growth rates (med-
ian 9.5 mg/day). Additional measurements of drip water
oxygen isotope composition (Fig. 3) continue to show a
small range (—4.74 to —4.06%c VSMOW) of variation,
without regular seasonality, as first documented by Feng
et al. (2014).

4.2. Macroscopic features and petrography

Macro-and microscopic characteristics of growth lamina
observed in stalagmite WC-3 are shown in Figs. 2 and 4.
Growth lamina are easily distinguishable in the vertical slab
face as alternations between couplets of: (1) translucent,
caramel-colored sparitic laminae (0.1-0.3 mm thick) and
(2) thicker lighter-colored, opaque laminae (0.3-2.5 mm)
(Figs. 2 and 4a). These laminae variations are respectively
analogous to ‘“‘dark-compact” (DC) and “white-porous”
(WP) laminae commonly recognized in other fast-growing
stalagmites (e.g., Genty and Quinif, 1996; Mattey et al.,
2008; Boch et al., 2011), and we adopt this terminology
here. Most (39 of 46) of the lamina datums used to correlate
the geochemical time-series correspond to abrupt interfaces
between WP and DC laminae.

Growth lamina in slab view (Fig. 2) are generally trace-
able across the stalagmite except in proximity to solution
pores, which occur primarily along the central growth axis.
These pores are often, but not always, rimmed by micro-
phreatic (dark, translucent) calcite rinds. Lamina are thick-
est near the central growth axis and thin laterally away
from this axis. Lamina are predominantly 1-2 mm in scale
along the central growth axis, but range from sub-mm to
several mm. Although distinctive in some areas of the slab
face, efforts to count growth lamina throughout the vertical
extent of the stalagmite were complicated by significant lat-
eral variations in lamina thickness and consistency.

Macroscopic variations in the scale and lateral continu-
ity of growth lamina indicate that stalagmite WC-3 devel-
oped in three phases (Intervals I-III in Fig. 2), each

constructed from the two primary lamina types described
above. The basal 2.2 cm (Interval I) of WC-3 consists of
thick lamina couplets (3-5 mm), which are intersected by
at least four mm-scale vertical pores. Laminae above and
in proximity to three of these vertical pores dip inward
toward each pore, suggesting these are constructional fea-
tures, rather than dissolution pits. The right-most vertical
pore is close to the central growth axis of the higher stalag-
mite, and may represent the principal enduring drip axis for
WC-3. The next higher interval from 2.2 to 3.5 cm (Interval
II) is characterized by lamina couplets of variable thickness
(1-3 mm) that first drape across the entire growth surface
without interruption by large pores. During this growth
phase the stalagmite became more symmetrical and dome-
shaped, although a central depression was variably
expressed during this time (Fig. 2). An especially thick
WP laminae in the middle of this interval, comparable to
those in Interval 1, was sampled left and right of the central
depression for U-series dating. At the top of Interval II,
growth laminae become thinner and less distinct. The upper
6 cm of WC-3 (Interval III, 3.5-9.5 cm) contains lamina
couplets 1-2 mm in thickness and is characterized by a pro-
nounced tapering of lateral growth from a radius of about
6 cm to a radius of about 2 cm. Laminae forming near the
central growth axis in the upper 4 cm of Interval III are
variably separated by vertically-aligned, interconnected
porosity, but otherwise can be traced laterally into flank
areas.

Under microscopic inspection, porosity and fabric vari-
ations characteristic of the two types of laminae (DC and
WP) have been recognized as resulting from differing
degrees of lateral coalescence among smaller crystallites
that form larger columnar crystals (Genty and Quinif,
1996; Boch et al., 2011). The DC and WP laminae in
WC-3 are typically in optical continuity with each other
(Fig. 4B and C). The thinner DC laminae are notably
less-porous and may involve multiple generations of short
(L generally < 100 um; L/W ratio <6/1) rhombohedral
crystallites (Fig. 4D and E). Intercrystalline pores, where
present, are small and spindle-shaped in cross section. More
complete lateral coalescence between crystallite accretion
layers approaches a palisade fabric with columnar calcite
domains that are often topped by crystal terminations.
WP laminae in WC-3 are characterized by an open fabric
involving abundant macropores (constituting up to 50%
or more by volume) between radiating-to sub-vertical elon-
gate (L/W ratio > 6/1) columnar calcite crystals (Fig. 4D
and E). Tips of elongate columnar crystals growing within
some pores have regular terminations. Constituent elongate
columnar calcite crystals commonly have maximum lengths
spanning the entire thickness of the couplet, ranging up to
at least 700 um, and widths no greater than a few 10 s of
microns, consistent with enhanced vertical growth. The ori-
entation of macropores and elongate columnar calcite crys-
tals principally follow the local primary growth axis of the
stalagmite. Some of the thicker WP lamina contain very
thin (<100 um) horizons of compact-columnar sub-
laminae; some of these (7 of 46) were distinct enough later-
ally to serve as lamina datums.
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Fig. 3. Summary of preliminary cave monitoring and the top 0.8 cm of stalagmite data. Above the dashed horizontal line corresponds to the
monitoring record (drip water and plate calcite), and below corresponds to the stalagmite record. The 8'%0 axes (drip water and calcite) have
been reversed to align §'®0 minima with trace element peaks. Variations in drip water 5'%0 values (Feng et al., 2014 and This Study) and
[Mg])/[Ca] (Casteel and Banner, 2015) are insufficient to explain variations in calcite 8'%0 (Feng et al., 2014) or Mg compositions (This Study).
Drip water [Sr]/[Ca] and [Ba]/[Ca] (Casteel and Banner, 2015) show similar seasonal variability that may explain seasonal variability observed
in calcite Sr and Ba (This Study). Growth rates (Feng et al., 2014 and This Study) are average daily calcite growth on 10 cm x 10 cm sanded
glass substrates. Daily surface temperature maximums and minimums (red lines) are recorded at a nearby weather station (NOAA Station ID:
GHCND:USC00412585). Figure data are tabulated in the Electronic Annex, Tables A2 and A3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Petrographic features of mm-scale calcite growth lamina in stalagmite WC-3. A. Digital scan of oversized thin sections from the slab
directly opposite the primary slab (Fig. 2) sampled for 5'%0 and trace elements. Blue epoxy shows areas of effective porosity (aside from
horizontal saw cut). B/C. Corresponding plane- (B) and cross- (C) polarized light images from central medial portion of WC-3, demonstrating
that lamina develop in optical continuity along the principal growth direction. D/E. Enlarged plane-polarized light views (from B) show
growth lamina comprise alternating couplets of dense calcite, featuring one or more generations of compact columnar calcite (DC) with
thicker and more porous calcite, featuring well-developed elongate columnar calcite (WP). Scale bars in D/E are 1 mm. The DC and WP
abbreviations correspond to macroscopic characteristics previously noted for fast-growing stalagmites in slab-view (e.g., Genty and Quinif,
1996; Mattey et al., 2008; Boch et al., 2011), wherein the thinner denser couplets tend to be darker, translucent and sparitic (Dark Compact =
DC) and the thicker porous couplets tend to be lighter colored (white), and opaque (White Porous = WP); cf. Fig. 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Chemostratigraphy

Stratigraphic variations among the four measured sta-
lagmite chemical parameters (3'%0, Mg, Sr, Ba) are shown
in Fig. 5. By treating the LDs (horizontal red lines in Fig. 5)
as fixed points, the depth axis for the trace element records
has been adjusted (by maximum 1 mm) to match the depth
axis of the 8'®0 record. This allows the trace element
records to be directly correlated to the oxygen isotope
record. All four parameters show potential cyclicity
throughout the length of the stalagmite. We count 51-53
cycles in the 8'%0 and Mg records, and 63-95 enrichment
peaks in the Sr and Ba records.

4.3.1. 8'%0 stratigraphy

Calcite 3'%0 values range from —6.6 to —2.6%0 VPDB,
with typical cycle amplitudes of 1.91 4+ 0.45%0. VPDB (10)
and stratigraphic thicknesses of 1.86 + 0.64 mm (15). These
findings are consistent with previously reported 5'%0 values
for the top 6.7 mm of stalagmite WC-3 (cycle amplitudes of
1.5-2.0%0 VPDB; Feng et al., 2014), but amplitudes are
smaller than those observed for §'%0 cycles in calcite grown

on artificial substrates under the same drip site over ~two
years (2.3-2.9%0 VPDB; Feng et al., 2014). The long-term
mean &80 value shifts stepwise along the length of the
stalagmite. From 0 to 1.65 cm, the stalagmite has a mean
3'%0 value of —4.13+£0.68% VPDB, from 1.65 to
4.15 cm a mean §'®0 value of —5.00 + 0.66%c VPDB, and
from 4.15cm to 9.5cm a mean 880 of —4.16 + 0.64%0
VPDB (+ 1o5). Amplitudes of the cycles remain similar
(1.91 +£0.42, 1.82+0.38, and 1.95 £ 0.49%0 respectively;
o), despite the shifts in mean &80 values. Cycle
thicknesses are more variable and systematically decrease
(2.31 £0.10, 2.15 + 0.06, and 1.67 + 0.05 mm, respectively;
1o) toward the top of the stalagmite.

Throughout the stalagmite, the 8'*0 minima in each
cycle tend to be thicker (0.48 + 0.36 mm; 1) than the
3'%0 maxima (0.25 £ 0.12 mm; 1c), with thickness of the
minima or maxima defined by the 8'80 measurements
within error of a local 8'%0 minimum or maximum, respec-
tively. These variations closely correspond to visible growth
couplets, with 8'80 cycle minima associated with light-
colored porous (WP) growth laminae and 8'%0 cycle max-
ima associated with darker and denser (DC) laminae. Most



64

P.E. Carlson et al./ Geochimica et Cosmochimica Acta 235 (2018) 55-75



P.E. Carlson et al./ Geochimica et Cosmochimica Acta 235 (2018) 55-75 65

(39 of 46) of the digitized lamina datums correspond to
sharp interfaces between adjacent 8'80 minima and
maxima.

During the counting of maxima-minima cycles in the
830 record (Section 3.5), we identified one possible missing
maximum, and one potential double maximum. The possi-
ble missing maximum, from 9.38 to 9.49 cm composite
depth (Fig. 5, Highlight A), has an amplitude only ~ 30%
of bracketing cycles. The double maximum, from 3.01 to
3.11 cm composite depth, spans a thickness only ~30% of
bracketing cycles (Fig. 5, Highlight C). We incorporate
these potential ambiguities as uncertainty in the cycle-
counting of the 8'%0 chronology, where the potential
missing maximum adds positive error, and the potential
double maximum adds negative error resulting in a final
age of 52 + 1 cycles.

4.3.2. Trace element stratigraphies

Magnesium concentrations in stalagmite WC-3 range
from 2830 to 10,900 ppm, with cycle amplitudes of several
thousand ppm. Strontium concentrations range from 157
to 583 ppm, with cycle amplitudes of several hundred
ppm. Barium concentrations range from 51 to 212 ppm,
with individual cycle amplitudes on the order of 5-10
ppm. The trace element cycles in stalagmite WC-3 tend to
manifest as enrichment peaks that are significantly thinner
than the minima intervals of 8'%0 cycles (e.g., Fig. 5, High-
light B). Some Mg enrichment peaks, however (e.g., Fig. 5,
Highlight D), closely mirror the shapes and locations of
31%0 cycles, rather than those of Sr and Ba. Trace element
enrichment peaks are somewhat suppressed during growth
intervals I and II, then become more pronounced during
growth interval III, with standard deviations of Mg, Sr,
and Ba increasing by 19.5 + 3.0%. The mean concentra-
tions of Sr and Ba similarly increase over this boundary,
by 23.0 £0.5%, while mean Mg concentrations remain
unchanged.

Strontium and Ba enrichment-depletion patterns are
particularly well correlated with each other (r>=0.972)
and less so with Mg (Sr vs. Mg, r* = 0.228; Ba vs. Mg, 1°
=0.253). Although no statistically significant correlation
exists between either Sr or Ba with 8'%0 values, we find a
small, but significant negative correlation between Mg
and 8'80 values (r* = 0.083, p < 0.05). This correlation is
somewhat stronger within each of the growth intervals
(r2:O.14; 0.20; 0.12, for growth intervals I, II, and III,
respectively).

Overall elemental concentrations do not show any strati-
graphic relationship to the shifts in mean &'%0 values.
When cycle-counting is applied to the trace element stalag-
mite records, we find lower cycle counts in the Mg record
(51-53 counts), and higher cycle counts in the Sr and Ba
records (63-95 counts). Examples of peaks clearly visible
in Sr and Ba that do not appear in the Mg record can be
seen in Fig. 5, Highlights A, B, and D. Often these “extra”
peaks in Sr and Ba occur at the LD intersections, though
not all LD’s correspond to peaks in Sr and Ba.

4.4. Radiocarbon

Stalagmite calcite *C activities (n=23; Electronic
Annex Table A2) begin above the threshold for initiation
of atmospheric nuclear weapon testing and then increase
to a peak level of 111.46% modern atmospheric '*C at
4.0 cm above the base (base of interval III). Radiocarbon
activities then decrease to 101.19% of modern atmospheric
14C by the top of the stalagmite (collected in 2009).

5. DISCUSSION

5.1. Assessing the accuracy of 8'0, Mg, Sr and Ba as
temperature-driven chronometers

Regular seasonal variations of substrate calcite 8'30 val-
ues (Feng et al., 2014), and of substrate calcite Mg, Sr, and
Ba concentrations (this study), suggest each parameter as a
prospective temperature-based seasonal chronometer. This
monitoring, however, has occurred over a relatively limited
period of time. Extending this record through the length of
stalagmite WC-3 allows us to rigorously assess the reliabil-
ity of each of these potential chronometers. We find enrich-
ments in stalagmite Sr and Ba have shorter durations (are
thinner) than enrichments in stalagmite Mg or 8'%0 cycle
minima, suggesting that not all four parameters are reliable
annual indicators. We can, however, separate these four
parameters into two groups of pairings (8'%0-Mg and Sr-
Ba) based on the number of apparent cycles they record
(52 £ 1 and 79 + 16, respectively). Determining which, if
either, of these elemental pairings is an accurate annual
chronometer requires additional age constraints for the sta-
lagmite. In order for a seasonal temperature-based
chronometer to be accurate, it is furthermore crucial that
the stratigraphic records considered are complete, or that
any depositional hiatuses are recognized and accounted

<

Fig. 5. Comparison of composite 3'%0 and LA-ICP-MS trace element records for stalagmite WC-3 growth before summer 2009 collection.
The 3'30 axis has been reversed to align 5'®0 minima with trace element peaks. The LA-ICP-MS depth axis has been aligned to the 3'50
depth axis using the LDs (horizontal red lines/numbers, refer to Fig. 2 and text; small black boxes on 8'%0 vertical axes show maximum
stratigraphic range of lamina datums intersected during micromill sampling). To the right of the geochemical data is 2400 dpi imagery of the
micromill track before sampling (composite). Roman numerals and horizontal dashed lines show principal growth intervals (cf. Fig. 2). Closed
circles records show countable trace element peaks and 8'%0 cycles, whereas open circles show peaks that may or may not be countable.
Highlight A shows an example of a peak appearing in the Sr and Ba records that does not appear in the 8'30 and Mg records (coincident with
LD 45), as well as a possible double minima in the 8'%0 record (below LD 46). Highlight B shows another example of an extra Sr-Ba peak (LD
34), along with the sharper peaks often found in the trace element record (below LD 33). Highlight C shows multiple peaks in the trace
element record during a single 8'%0 cycle (LDs 14-16), along with a possible extra 8'%0 cycle minimum (LD 13). Highlight D shows 8'%0 cycle
minimum and Mg peak shapes differing from peak shapes in the Sr and Ba records. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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for. Here, we discuss how these factors bear on the con-
struction and fidelity of a seasonally-resolved age model
for stalagmite WC-3.

5.1.1. Implications of substrate calcite growth rates and trace
element composition

Extended monthly measurements of substrate calcite
accumulation (2012-2017) at site WC-3 confirm the find-
ings of Casteel and Banner (2015) that calcite growth rates
are highest in the summer and lowest in the winter. In the
stalagmite, thicker WP laminae should accordingly corre-
spond to summer growth (high growth rate), whereas thin-
ner DC laminae should correspond to winter growth (low
growth rate). Our new trace element analyses of the same
substrate calcite monitoring samples previously measured
for 8'%0 by Feng et al. (2014) reveal that Mg, Sr, and Ba
enrichments tend to occur during the warm months
(Fig. 3). These updated monitoring-based findings predict
that chemostratigraphic variations in the stalagmite should
follow the development of growth couplets, with enrich-
ments in Mg, Sr, and Ba concentrations and minima in
3180 values coinciding with thicker WP laminae, and the
inverse coinciding with thinner DC laminae. We find that
this prediction is validated, but exceptions do exist, with
some peaks in Sr and Ba occurring in DC laminae, and
some DC sub-laminae occurring during 8'30 minima.

5.1.2. Numeric age constraints

Three U-series ages of 70 413, 160 4 20, and 50 + 13
years before measurement were determined by Feng et al.
(2014) in the lower half of stalagmite WC-3 (10 mm, 30
mm, 45 mm from the bottom, respectively). These ages cor-
respond to dates of 1940, 1850, and 1960 CE, respectively,
using the bulk earth *°Th/>**Th composition of 4.4 ppm
and an uncertainty of 100% for the initial Th correction
(e.g., Dorale et al., 2004). Feng et al. (2014) interpreted
the resulting age reversal to variations in detrital Th com-
positions through time. Initial *°Th/>**Th ratios of 6.0,
10.8, and 9.0 ppm are required to provide U-series ages
consistent with the 8'%0- and Mg-derived chronologies.
Aberrant U-series ages could potentially result from U loss
associated with the porous nature of stalagmite WC-3, par-
ticularly the thicker WP laminae sampled for dating, even if
seasonal signals in 3'®0 values and trace element concentra-
tions were retained (Bajo et al., 2016). Because of these high
uncertainties, the only reasonable interpretation of the
U-series ages is that they are consistent with the lower por-
tion of stalagmite WC-3 growing during the 20th century.

Improved age constraints are provided by carbon-14
activity measurements of stalagmite WC-3, which resolve
the atmospheric '*C peak (i.e., bomb pulse) recorded in
the stalagmite, and demonstrate that growth began after
the onset of 20th century nuclear weapons testing (i.e.,
Genty et al., 1998, 1999, 2001a,b). In the atmosphere, this
pulse of 'YCO, was first clearly observable in 1955
(Fig. 6), and peaked in 1963 at about 200% modern atmo-
spheric '*C (Hua et al., 2012, 2013). The '*C activity mea-
sured at the base of the stalagmite thus indicates that initial
growth began no earlier than 1955. Highest '*C activity
levels occur at 4.0 cm above the base of the stalagmite, with

Fig. 6. WC-3 14C measurements, in fraction modern carbon
(FMC), plotted against stalagmite growth year, as determined by
5'%0 and Mg age model (black crosses) and the Sr and Ba age
model (gray crosses). Radiocarbon measurement error is shown as
the height of each cross, whereas age model error is shown as the
width of each cross. Also plotted is the Northern-Hemisphere
atmospheric '*C bomb peak, in FMC (green line; Levin et al.,
1994). The sharp rise in atmospheric '*C provides a lower bound
for stalagmite growth: the rise in '*C observed in the base of
stalagmite WC-3 cannot precede the rise of atmospheric '*C that
began in 1955. Because all interpretations of the Sr and Ba age
model show a rise in stalagmite '“C preceding the atmospheric rise
in C, the Sr and Ba age model cannot be correct. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

an inflection toward slower rates of increase at 3.1 cm. Vari-
able residence times and mixing of carbon in the epikarst
will lead to a lag, attenuation, and spreading of the atmo-
spheric bomb pulse in stalagmite records (i.e., Genty
et al., 1998, 1999; 2001a,b; Hodge et al., 2011; Noronha
et al., 2015). The 8'8%0-Mg age model indicates a basal
age of 1956-58 (winter), 1-3 years after initiation of atmo-
spheric nuclear weapons testing, whereas the prospective
Sr-Ba age model indicates a basal age of 1914-1946, 9-41
years before initiation of testing. Fig. 6 compares the timing
of radiocarbon activities to the proposed §'%0- and Mg-
derived age model. Only the §'%0-Mg age model is compat-
ible with the radiocarbon age constraints, and thus it is
most likely to proxy temperature seasonality. The higher
numbers of enrichment peaks for Sr-Ba are thus likely dri-
ven by factors in addition to seasonal temperature
variations.

5.1.3. Continuity of the geochemical time-series
A cycle-based geochemical chronometer is only accurate
insofar as the record is continuous and uninterrupted. We
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identify three primary mechanisms that could lead to unrec-
orded seasonal cyclicity in the stalagmite: (1) gaps from
unsuccessful IRMS analyses, (2) growth hiatuses, and (3)
stratigraphic aliasing during sampling.

The 107 gaps in the IRMS data due to failed analyses
are thin (<6-12%) compared to thicknesses of typical
growth lamina (1-2 mm) and are therefore unlikely to lead
to miscounting of annual peaks.

In general, long-term hiatuses in stalagmite growth can
be identified by petrographic analysis as micritic layers,
detrital-rich layers, or dissolution surfaces (Tan et al.,
2006). No evidence for hiatuses were identified by petro-
graphic inspection. As the site continued dripping and pre-
cipitating calcite through the most severe drought in Texas
recorded history (2011; Nielsen-Gammon, 2012), it is unli-
kely that less-severe earlier droughts would have stopped
stalagmite growth.

The greater sampling footprint of the micromill com-
pared to the laser means the IRMS 8'30 data were most
prone to aliasing. Some degree of aliasing will unavoidably
occur wherever growth layers are non-orthogonal to the
axis of the sampling track, either laterally or with depth.
This will have the effect of attenuating or widening maxima
and minima in the 8'%0 data. If multiple annual lamina are
intersected during collection of a single micromill sample,
5'%0 cycles will be masked by averaging. This would appear
as multiple adjacent IRMS samples recording §'%0 mea-
surements near the mean annual 8'%0 value, and is not
observed in our data. Because the wider IRMS drilling
track was not precisely centered on the LA-ICP-MS laser
traverse, it is more likely that local variations in the dip
of growth lamina results in trace element features that are
slightly offset from equivalent correlation points in the oxy-
gen isotope data. The number of times each LD was inter-
sected by discrete micromill samples is a gauge of this
aliasing potential. This number ranges between 1 and 5
(0.125-0.625 mm), with a median of 2 (0.25 mm), among
the 46 digitized LDs, indicating that micromill stratigraphic
aliasing was mainly on the order of 13-25% of typical
WC-3 growth lamina thicknesses of 1-2 mm, and therefore
unlikely to cause undercounting of annual cycles.

5.2. Controls on oxygen-isotope cycles

The wide range of seasonal temperature variations in
temperate latitude settings could serve as a consistent
annual chronometer, if faithfully recorded by environmen-
tal proxies. At Westcave, Feng et al. (2014) found that sea-
sonally varying surface temperatures were the primary
control on substrate calcite 5'%0 variations over the moni-
toring period, and on four 3'%0 cycles identified in the top
6.7 mm of stalagmite WC-3. To further test their conclu-
sion, we compare the 52 4 1 8'30 cycles resolved in the full
length of stalagmite WC-3 and assign them as years before
2009. We then compare 8'%0 values to daily instrumental
weather records from 1957-2009 in Austin, TX, the most
comprehensive local weather records available for this time
period (NOAA station ID: GHCND:USW00013958). We
apply the empirical calcite growth model to the stalagmite
3'%0 cycle stratigraphy in order to convert stratigraphic

depth to estimated dates of calcite growth for every micro-
mill sample. Annual least-squares regressions of sample
5'%0 values versus mean Austin temperature over the
inferred sampling periods allow us to test the robustness
of the relationship between temperature and stalagmite
8'%0 values (Fig. 7). Using the fifty full-year records, we
find that regression line slopes vary over a small range from
—0.12 to —0.05%0/°C, and can be approximated by a nor-
mal distribution with a mean of —0.08%¢/°C and a standard
deviation of 0.03%0/°C (Kolmogorov-Smirnov test,
oo =0.05). When we compare the Feng et al. substrate
calcite 3'®0 values to average Austin temperatures over
their respective periods of calcite growth, we find a similar
slope of —0.09%0/°C, suggesting similar temperature con-
trols on both systems. These slopes are related to, but shal-
lower than, the slopes reported for various equilibrium or
near-equilibrium calcite-water fractionation experiments
(e.g., —0.21%¢/°C, Kim and O’Neil, 1997; —0.177%o/°C,
Tremaine et al., 2011). This discrepancy is at least partially
explained by the greater temperature extremes recorded at
the surface (7-32 °C, 30-day means, 2009-2017) than in
cave drip water (8-26 °C, monthly spot measurements,
2009-2017). Other factors are likely less significant. These
could include the effects of seasonally-biased calcite growth
rate effects on 8'%0 fractionation, seasonally-enhanced
evaporative effects on the 8'80 values of drip water,
seasonally-enhanced biotic calcite precipitation, or diagene-
sis. The regular nature of the 5'0 cycles and the relative
invariance of drip water 8'%0 rule out a diagenetic control
on 380 cycles (e.g., Demény et al., 2016). This near-
entrance environment is likely microbially active, which
would likely lead to enhanced calcite precipitation (Banks
et al., 2010), but seasonal changes in biotic effects may
enhance seasonality in 8'80 values. The stalagmite shows
no coralloid morphology, so evaporation did not likely play
a significant role in speleothem growth (Caddeo et al.,
2015). If evaporation affects stalagmite 3'%0 values, it
would likely lead to higher 8'80 values in summers than
in winters, which is opposite from the observed trend.
While growth-rate effects on calcite 8'80 fractionation
may be a factor, the growth rate itself depends strongly
on cave temperature. Despite these potential confounding
effects, a significant correlation to seasonal temperature
remains for every annual regression line (r>=0.46-0.96
for the 50 annual regression lines), and this aggregate rela-
tionship closely mirrors that observed in the substrate cal-
cite. Altogether, this suggests that seasonal temperature
variations are the primary control on stalagmite 8'30 vari-
ations, thus supporting the interpretation of 5'0 cycles as
annual and supporting their use as a chronometer (Fig. 8).

5.3. Controls on magnesium cycles

We compare monthly measurements of drip water
[Mg)/[Ca] to coeval monthly measurements of substrate
calcite Mg (Casteel and Banner, 2015). We find that
published Mg partition coefficients (D, = (Mg/Ca)catcite/
(Mg/Ca)sorution; Huang et al., 2001; Huang and Fairchild,
2001) significantly over-estimate the Mg composition
expected for the stalagmite. Apparent Dy, values for
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Fig. 7. A. Oxygen isotope composition versus average surface temperature for inferred stalagmite growth in 2003. Points are individual
measurements, labelled with their inferred average growth date. Maximum &'%0 values in a cycle are assigned 1-Jan, and minimum 3'30
values are assigned 16-Aug. Samples between these two dates are interpolated using an empirical non-linear growth rate model. The labeled
date is the average date for the interpreted period of calcite growth for each sample. A least-squares fit line (blue) for 2003 is plotted, as well as
a least-squares fit for all substrate calcite (black, dashed). B. All stalagmite 5'®0 values. Annual best fit lines are color-coded by year. Also
plotted: least-squares fit for all substrate calcite data (black, dashed) and least-squares fit for all stalagmite data (black, solid). C. All
stalagmite data, normalized to each year’s median 3'%0 values, plotted as A'80. This shows the sensitivity of stalagmite and substrate calcite
5'%0 values to surface temperature. Also plotted: least-squares fit for all substrate calcite data (black, dashed), and least-squares fit for all
stalagmite data, (black, solid). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

substrate calcite at this site (0.007-0.015) show lower tem-
perature sensitivity (0.00025/°C, > = 0.65, p < 0.05) than
previously published Dy, values (~0.0008/°C; Huang
et al., 2001; Huang and Fairchild, 2001). When the range

of stalagmite Mg values is compared to the median drip
water [Mg]/[Ca] over the monitoring period, the apparent
Dy values range from 0.009 to 0.024. This is still lower
than published Dy, values, but assuming the high Mg
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Fig. 8. Comparison of composite 880 and LA-ICP-MS time-series for stalagmite WC-3 growth before summer 2009 collection. Alternating
grey and white bands show interpreted 8'%0 cycle years. The §'0 axis has been reversed to align 3'®0 minima with trace element peaks.
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concentrations in the stalagmite correspond to high temper-
atures in the cave, as they do in the substrate calcite, the
temperature sensitivity of Dy, would be 0.00074/°C, simi-
lar to previously published Dy, values (~0.0008/°C;
Huang et al., 2001; Huang and Fairchild, 2001).

Due to the proximity of this stalagmite to cave
entrances, and the well-ventilated nature of the cave, we
must consider the possibility that aeolian particulates might
contribute Mg to the surface of the growing stalagmite
(e.g., Belli et al., 2017). We find this to be an unlikely expla-
nation in this setting, as calcite Mg concentrations are
lower than predicted by drip water [Mg]/[Ca], and aeolian
deposition of high-Mg particulates would increase stalag-
mite Mg concentrations. Likewise, variable drip water
[Mg]/[Ca], due to prior calcite precipitation (PCP; e.g.,
Fairchild et al., 2000; Treble et al., 2003; Cruz et al.,
2007; Sinclair et al., 2012), incongruent calcite dissolution
(ICD; e.g., Sinclair et al., 2012; Belli et al., 2017), or
water-rock residence time in the epikarst (Treble et al.,
2003) could account for variations in stalagmite Mg con-
centrations, but variations in drip [Mg]/[Ca] over the mon-
itoring period do not correlate with variations in substrate
calcite Mg concentrations (Casteel and Banner, 2015).
Although we cannot rule out water-rock interactions as
the primary control for the unmonitored period of stalag-
mite growth, the strong correspondence between 5'%0 cycle
minima and Mg peaks (Fig. 8) suggests that temperature is
the primary control on calcite Mg variability.

5.4. Controls on strontium and barium cycles

The consistently strong correlation between stalagmite
Sr and Ba concentrations (Fig. 8) suggests that the same
processes control both trace element records. Comparing
substrate Sr variations to drip water [Sr]/[Ca] variations,
we calculate partition coefficients of 0.05-0.10, similar to
previously published Dg, values (e.g., Lorens, 1981;
Banner, 1995; Tesoriero and Pankow, 1996). Unlike Dy,
coefficients, Dg, and Dg, coefficients are not expected to
vary with temperature. Previous studies have found Dg,
to vary with calcite growth rate, increasing by 0.05-0.1 with
a ten-fold increase in growth rates (Lorens, 1981; Tesoriero
and Pankow, 1996; Huang and Fairchild, 2001; Belli et al.,
2017). The growth rates of stalagmite WC-3, as estimated
from calcite growth on glass substrates or as linear exten-
sion rates of the stalagmite itself, are far faster than the cal-
cite growth rates used in the aforementioned studies,
thereby limiting the utility of direct comparisons of Dsg;
coefficients between this and previous studies. We do find
that while our calculated Dg, coefficients are far lower than
would be expected from extrapolation of previous studies
to our higher growth rates, the sensitivity of our calculated
glass substrate Dg, coefficients to growth rate (0.050 per
ten-fold increase in growth rate, 2 =048, p < 0.05) is sim-
ilar to previously-published Dg,-growth rate relationships.
Mucci and Morse (1983) found a strong dependence of
Dg, on Mg/Ca in the solution, but this is unlikely to be a
primary control on WC-3 stalagmite Sr concentrations,
given the lack of correlation between drip water [Mg]/[Ca]
and substrate calcite Dg, during the monitoring period

(r> =0.15, p > 0.05). Sr and Ba concentrations in the sub-
strate calcite do correlate weakly to calcite growth rate on
the glass substrate (r*> = 0.30, p = 0.064; 2 =0.28,
p = 0.074), suggesting that growth rate is a primary control
on calcite Sr and Ba concentrations at this site.

Drip water [Sr]/[Ca] and [Ba]/[Ca] have stronger correla-
tions to calcite growth rate (r*=0.35, p=0.0092;
r? = 0.38, p = 0.0062). The possible controls on variations
in drip water [Sr]/[Ca] and [Ba]/[Ca] are similar to that of
drip water [Mg)/[Ca]: PCP (Treble et al., 2003; Sinclair
et al., 2012), incongruent calcite dissolution (ICD; Sinclair
et al., 2012; Belli et al., 2017), or water residence time
(Treble et al., 2003; Fairchild and Treble, 2009; Wong
et al., 2011). These, however, are all expected to have a sim-
ilar effect on the relative concentrations of Mg, Ba, and Sr
to Ca (Sinclair et al., 2012), and while [Sr)/[Ca] and [Ba)/
[Ca] in the drip waters were found to co-vary, [Mg])/[Ca]
did not follow the same seasonal trends. Casteel and
Banner (2015) found that a combination of PCP, ICD,
and water-rock interactions (WRI; a broad term for recrys-
tallization and dissolution processes that excludes pure PCP
and ICD) can explain the covariance of [Ba]/[Ca] and [Sr}/
[Ca] at WC-3. They further suggested that PCP dominated
in the summer, and ICD/WRI dominated in the winter, but
did not explain the relative lack of seasonality in drip water
[Mg]/[Ca] using the same models.

A study of an annually-laminated speleothem by
Roberts et al. (1998) provides a possible mechanism to
explain the decoupling of drip water [Mg]/[Ca] from [Sr]/
[Ca]and [Ba]/[Ca]. They found that if the epikarst host rock
contains calcite and dolomite, that incongruent dolomite
dissolution, could account for antiphase behavior of Mg
and Sr. In such systems, high-Sr calcite will dissolve first,
driving up [Sr]/[Ca]. As the water approaches calcite satura-
tion, the dissolution of low-Sr, low-Ba dolomite will drive
the simultaneous precipitation of calcite, thereby lowering
Sr and Ba concentrations increasing Mg concentrations in
the stalagmite. If the winter-time ICD/WRI at Westcave
found by Casteel and Banner (2015) includes incongruous
dolomite dissolution, this could drive drip-water Mg con-
centrations up and Sr and Ba concentrations down in the
winter or spring, while PCP drives all three trace elements
to high concentrations in the summer.

This variation in drip water [Sr]/[Ca] and drip water
[Ba)/[Ca], combined with variable calcite growth rates con-
trolling Ds, and Dg,, may explain the cyclical Sr and Ba
concentrations observed in stalagmite WC-3. While
Casteel and Banner (2015) found that calcite growth rates
at this site are driven by changes in temperature, it is also
possible that in some years, changes in epikarst pCO, or
drip water [Ca] could alter calcite growth rates, causing
enrichments or depletions in calcite Sr and Ba concentra-
tions that are decoupled from temperature.

5.5. Implications for paleoclimate reconstruction

The distinct temperature seasonality recorded by
5'%0 values, Mg concentrations, and growth rates for
substrate calcite grown at site WC-3 highlight the impor-
tance of modern cave monitoring studies for interpreting
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Fig. 9. Summary of annual geochemical variations in drip water, substrate calcite deposition, and stalagmite growth for the WC-3 near-
entrance cave environment, as realized from integrated monitoring and stalagmite chemostratigraphic analysis. Perspectives from a two-year
monitoring interval (2009-2011) indicate: A. Drip-water '0 values (Feng et al., 2014) and [Mg)/[Ca] (Casteel and Banner, 2015) are
relatively invariant with no obvious seasonal expression, whereas [Sr)/[Ca] and [Ba]/[Ca] vary seasonally (Casteel and Banner, 2015). B.
Substrate calcite records seasonal variations in 8'%0 values (with summer minima; Feng et al., 2014) and [Mg}/[Cal), [Sr}/[Ca] and [Ba)/[Ca]
(with summer maxima). Substrate calcite growth rates (not shown) are highest during summers and lowest during winters. Continued
monitoring (2012-2017; This study) of drip water 8'%0 values and plate calcite growth supports the former observations. C. Stalagmite calcite
exhibits regular stratigraphic fluctuations in 8'%0 values and [Mg]/[Ca], with amplitudes comparable to the seasonal 8'*0 and [Mg)/[Ca]
variations documented for substrate calcite (2009-2011). This consistency supports that stalagmite 5'%0 and [Mg]/[Ca] effectively log seasonal
temperature variations in this setting, due to the temperature-sensitivity of oxygen-isotope fractionation and Mg partitioning between water
and calcite. Although stalagmite [Sr]/[Ca] and [Ba]/[Ca] variations also mimic those recorded in substrate calcite (2009-2011), the longer
stalagmite record demonstrates that the timing of [Sr])/[Ca] and [Ba]/[Ca] peaks does not necessarily correspond with maximum summer air
temperature (8'%0 minima, [Mg)/[Ca] maxima) and that sub-seasonal [Sr}/[Ca] and [Ba)/[Ca] peaks occur in certain years. Analyses of
substrate calcite and drip water over a longer monitoring interval are predicted to reveal sub-seasonal Sr and Ba enrichments (labelled with
question marks). The timing of distinct growth lamina development in stalagmite WC-3 are interpreted from plate calcite growth rate
monitoring (2009-2017), with DC couplets corresponding to decreased winter calcite growth and WP couplets related to increased summer
calcite growth (see Fig. 2, Fig. 4). The variable growth rates for seasonal couplets result in condensed winters and expanded summers within
the stalagmite chemostratigraphy. Because the drip water and substrate calcite records are collected at regular time intervals, they do not
experience the same time distortion.

speleothem geochemical records. Although previous studies
have used radiometric age constraints (e.g., 14C, U-series,
or 2!°Pb dating) to verify seasonal geochemical cycles in sta-
lagmites (e.g., Baskaran and Iliffe, 1993; Mattey et al., 2008;
Nagra et al., 2017), only studies that include cave monitor-
ing (e.g., Frisia et al., 2000) or cave proxy system modelling
(e.g., Genty et al., 2001a,b) can establish how cycle compo-
nents (maxima and minima) specifically relate to winters
and summers, and how calcite growth fabrics vary
seasonally.

In the case of stalagmite WC-3, cave monitoring demon-
strates that calcite growth in this near-entrance setting is
fundamentally different from stalagmites forming in deeper
caves in the region. The set of conditions in Westcave that
also characterize the near-entrance environments of

temperate caves (i.e., low cave air Pco, and seasonally-
variable temperatures), combined with low variability in
drip water 5'0 and Mg values provide two complementary
temperature-linked seasonal chronometers. While this
study focused on an actively growing stalagmite with a
known collection age, integration of geochemical cycle-
counting with traditional U-series dating could potentially
allow for records of temperature or precipitation seasonal-
ity to be derived from near-entrance stalagmites that are
not actively growing or that encompass time intervals of
particular paleoclimate interest.

Near-entrance environments are more vulnerable to
weathering, biological interference, and diagenetic
alteration, however, and therefore are likely to provide
shorter records than deep-cave environments. The niche
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for near-entrance speleothem proxy records (e.g., stable iso-
tope, trace elements, or wind-deposited records) is most
likely for decadal- to centennial-scale paleoclimate applica-
tions, complementing instrumental records and other high-
resolution terrestrial proxies (e.g., dendroclimatological
records, lake varves, and ice core records). If a precise tem-
perature proxy is to be developed from speleothems, then
near-entrance and other well-ventilated cave sites are those
most likely to record accurate seasonal temperatures.
Developing precise and accurate sub-annual chronologies
of stalagmites in such sites is a crucial first step towards
more paleoclimatic goals.

6. CONCLUSIONS

High-spatial-resolution 8'0 and trace element analysis
of a near-entrance stalagmite, combined with modern mon-
itoring of substrate calcite growth and drip-water geochem-
ical composition, provide independent, temperature-based
seasonal chronometers that enable a 52 + 1 year-long age
model with sub-annual resolution to be constructed. We
find two pairs of isotope/chemical composition records in
this near-entrance stalagmite system: 3'*0-Mg and Ba-Sr
(Fig. 9). We find the 5'*0 and Mg calcite records to be
robust chronometers of temperature seasonality in this set-
ting, likely due to the proximity to surface air temperatures
coupled with small temporal variations in drip-water §'%0
values and Mg concentrations. We observe and confirm this
seasonality in substrate calcite records, and find pro-
nounced, continuous seasonal 5'80 and Mg cycles with cor-
responding pseudo-seasonal enrichments in Ba and Sr
concentrations in stalagmite WC-3. By comparison with
the substrate calcite records, we establish that the §'%0
and Mg cycles in the stalagmite are annual, and correspond
to seasonal variations in surface air temperature. The dis-
crepancy in the number of cycles between the §'%0-Mg
records and the Ba-Sr records may be explained by the pri-
mary sensitivity of the 8'%0 and Mg records to in-cave tem-
perature, in contrast to the primary sensitivity of the Ba and
Sr records to growth rates of the stalagmite itself. Potential
discrepancies between the 8'30 and Mg cycles could be
explained by secondary sensitivity of [Mg] to Pcop-driven,
rather than temperature-driven prior calcite precipitation
events.

Although a two-year cave monitoring interval suggested
seasonal variation of calcite 8'30 values and Mg, Sr, and
Ba concentrations, the differing numbers of enrichment-
depletion cycles documented in the longer stalagmite record
are inconsistent with both element pairings being accurate
annual chronometers (Fig. 9). A chronology derived from
the 51-53 8'%0 and [Mg] enrichment-depletion would be
compatible with deposition between 1957 £ 1 and 2009,
whereas a chronology derived from the 63-95 [Sr] and
[Ba] enrichment-depletion cycles would be compatible with
deposition between 1930 + 16 and 2009. Radiocarbon mea-
surements rule out the older basal age of 1930 + 16, as '*C
levels near the base of stalagmite WC-3 show a rise of *C
consistent with post-1955 atmospheric testing of nuclear
weapons. For this reason, in addition to the well-
documented temperature effect on 5'*0 and [Mg] in calcite,

we conclude that 8'8%0 and [Mg] are the most reliable
annual chronometers in this near-entrance speleothem
locality, and that [Sr] and [Ba] likely record additional
climatological or hydrological variables. Near-entrance
stalagmites are capable of reflecting sub-seasonal tempera-
ture variations, and thus could provide high-resolution
age models over decadal to centennial scales for targeted
paleoclimate studies
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