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BRIEF. An analysis of the effect depth and two different vegetation types have on the soil geochemistry above a cave to improve paleoclimate

analysis from stalagmites.

ABSTRACT. The chemistry of soil contains important infor-
mation about the climate. Different climate conditions, such as
temperature and moisture content, alter the chemistry of the soil,
giving it a unique signature. Water from rain dissolves and carries
this climate signature into a cave where it is stored in stalagmites
over hundreds of thousands of years. This study examines how soil
chemistry changes under different conditions, focusing on vegeta-
tion at various soil depths above Titan Cave in northern Wyoming.
Titan Cave developed in the Madison Limestone underneath a
landscape characterized by sagebrush steppe with native grasses
and intermittent groups of juniper trees. Soil core samples were
taken from two sites, one surrounded by juniper trees and another
characterized by native grasses. Samples were collected approxi-
mately every 8 centimeters. Exchangeable cations were leached
and analyzed using an iCapQ quadrupole mass spectrometer. Ad-
ditionally, soil temperature and water content were continuously
logged in each vegetation type for one year. Soil gas samples were
collected from both sites and analyzed for radiocarbon and stable
carbon isotopes. The findings reveal that the juniper site exhibits
greater chemical variation and lower water content than the grass
site. This difference is likely attributable to the juniper trees' ab-
sorption of water and nutrients and the deposition of organic matter
into the soil, leading to reduced water content and increased chem-
ical variability relative to the grass site. Understanding how vege-
tation affects soil chemistry today can help to improve the accu-
racy of paleoclimate analysis leading to more accurate reconstruc-
tions of past climate. This can lead to a better understanding of the
past ecosystem around caves and ultimately allow us to create bet-
ter climate models for the future.

INTRODUCTION.

In the current age, improving climate models is increasingly im-
portant, especially considering the global impact of climate change,
such as shifts in precipitation patterns, extreme weather events, and
ecosystem disruptions. Accurate climate models are essential for pre-
dicting these changes and implementing effective strategies to miti-
gate damage. One crucial method for improving climate models is the
reconstruction of past climate conditions through natural archives,
such as stalagmites.

Stalagmites have been shown to be reliable paleoclimate proxies due
to their ability to contain detailed climate records over thousands of
years [1]. Climate affects the soil chemistry, which is recorded in stal-
agmites [2]. As water flows through the ground, it dissolves trace ele-
ments from the soil and limestone. That water, containing the elements
from the soil, percolates into the cave below where it also dissolves
calcium carbonate as it travels over the cave rock. When the water
drips into the cave, the calcium carbonate can precipitate back out of
the water. This process of calcium carbonate precipitation slowly cre-
ates speleothems: stalactites on the cave ceiling and stalagmites that
build up from the cave floor. During speleothem formation, the trace
elements from the water are included in the calcium carbonate

precipitate, changing the chemical composition of the stalagmite and
contributing to a chemical record that includes information about the
soil composition above the formation at that specific point in time.
Long after that soil is gone, the record of its chemistry is preserved
within the stalagmite. For example, the ratio of heavy 80 to light 60
in the stalagmite can reveal changes in past surface air temperature or
rainfall sources [3]. Similarly, ratios of specific elements (Mg/Ca and
Sr/Ca) can indicate the amount of rainfall [4]. Additionally, since the
water leaches trace elements from the surrounding limestone as it en-
ters the cave, the growth history of stalagmites can be dated using ra-
dioactive isotopes of uranium and thorium [4]. Researchers can, there-
fore, reconstruct the climate of the past by analyzing several aspects
of the stalagmite’s chemistry to infer information about past rainfall,
temperature, and soil chemistry.

While climate changes affect soil chemistry, other characteristics of
the environment can also impact the specific chemistry of soil at a par-
ticular time and place. It has been shown that different vegetation
types, for example, alter the chemistry of the soil [4]. Identifying how
variables, such as vegetation, affect soil chemistry will allow for a bet-
ter understanding of how to differentiate what parts of soil chemistry
are caused by climate conditions and what is caused by other factors
in the environment. This clarification will allow for a better under-
standing of the climate signature within a stalagmite, which can lead
to more accurate data related to the climate of the past.

This research investigates the influence of depth and plant species on
the soil geochemistry above Titan Cave in northern Wyoming. Under-
standing the chemical composition of the surface soil can give infor-
mation about how the stalagmite chemical signature changes between
the surface and the cave, which allows for a more accurate analysis of
paleoclimate records. All samples were collected above Titan Cave
located in the Bighorn River basin in northern Wyoming, overseen by
the Bureau of Land Management (BLM). This environment was the
optimal location not only because it is over a cave, but also because it
is protected land not affected by human activity. The BLM is planning
a controlled burn above the cave for November to manage the popula-
tion of juniper trees. With this scheduled controlled burn, this research
can be expanded by examining how fire affects soil geochemistry.
This information could then be used with additional stalagmite chem-
ical data to determine how to identify past fires in stalagmite geochem-
istry. A better understanding of past climates could be very useful for
improving current climate models, leading to a possible improvement
in long-term climate predictions.

It was hypothesized that the juniper site would have a higher chemical
variation than the grass site. Because juniper trees have much more
expansive and deep roots, it was expected that the nutrients being
taken from the soil and plant biomass being deposited in the soil would
create soil with higher variability compared to the short roots of the
sparse grasses.

MATERIALS AND METHODS.

All soil samples were collected from two sites above Titan Cave using
a bucket auger during the summer of 2023 (Fig. S1 and S2). The first



site was in a grass-filled open area where six samples were collected
at depths ranging between 0 and 54.6 cm (Fig. S1). The second site
was situated within a group of juniper trees a short distance from the
grass site. Eleven soil samples were collected from this site with
depths between 0 and 102.9 cm. The depth of each site was dependent
on the presence of large rocks and roots encountered during sampling.
In the summer of 2023, temperature and water content sensors were
placed at both sites and recorded data thrice daily for a year. The data
points were then downloaded for analysis (Fig. S3).

To determine trace element concentration in the soil samples, a leach-
ate solution was created and analyzed using a Thermo Finnigan iCapQ
mass spectrometer. Based on the carbonate bedrock at Titan Cave, Na,
Ca, and Mg were expected to be present at higher concentrations, and
elements such as Si, P, S, Mn, Cu, and Zn were expected to be present
at lower concentrations. Two dilutions, for the low-concentration ions
and the high-concentration ions, were created. Standards were pre-
pared using Inorganic Ventures (Christiansburg, VA) solutions. The
standards and unknown solutions were mixed online with the internal
standard (IV-71D). IV-STOCK-10 was run as an unknown during
each analysis period.

Soil gas samples were collected from two depths at each site in Octo-
ber of 2023 and in June of 2024. The juniper site had gas sample sites
at depths of 46 cm and 91.5 cm, while the grass site had gas sampling
sites at 25 cm and 50 cm. Sampling sites were created in June of 2023
using the holes created for soil sampling. The soil gas wells were con-
structed by adding 5 cm of bentonite above and below a 5 cm layer of
sand with the stainless-steel tubing capped with stainless steel mesh in
the middle of the layer. The bentonite layers prevent the flow of gas-
ses, while the sand allows the gas to flow freely, allowing for similar
depths. Extra space between the two sites was backfilled with soil.

Radiocarbon samples were collected in 5 L Cali-5-bond bags using a
handheld pump. The samples were then shipped to the University of
Bern, Switzerland, for analysis. For stable carbon data, approximately
3 ml of soil gas was injected into a 12 ml helium-flushed rubber sep-
tum-capped Labco Exetainer vial onsite after purging the approximate
well volume using a 50 ml luerlock syringe. Radiocarbon and stable
carbon samples were analyzed as outlined by Druhan et al., 2021 [5].

To better understand how variables such as vegetation and depth cause
changes in the soil, two Principal Component Analysis (PCA) graphs
were created using the PCA function in RStudio. The same data set
was input for both graphs, each highlighting different data character-
istics, with one identifying the vegetation type (Fig. 3) and the other
identifying sample depth (Fig. 4). Due to the limited depth for the grass
site, data points identified as deep in the second PCA all come from
the juniper site.

RESULTS.

The trace element concentrations at the juniper collection site (Fig. 1)
show interesting differences compared to the grass collection site (Fig.
2) as a function of soil depth. Concentrations of Mg and Ca, which
are present in the soil at high concentrations, are shown in panel a (Fig.
1 and 2), while concentrations of Si, P, S, Mn, Zn, and Na, which are
present in lower concentrations and must therefore be analyzed in sep-
arate mass spectrophotometry runs, are shown in panel b (Fig. 1 and
2). The data in these graphs was obtained from mass spectrometer con-
centration data converted from parts per million (ppm) to micrograms
per gram of soil (ug/g). This figure shows that the juniper high-con-
centration samples (Fig. 1a) vary much more than those in the grass
site (Fig. 2a) which stay at a consistent ratio for all depths. Similarly,
the low concentration from the grass site (Fig. 2b) is very consistent
with no large amounts of variation, unlike the juniper low concentra-
tion samples (Fig. 1b), which have many inconsistent dips and peaks

in the graph, indicating much more variability in concentration with
depth.
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Figure 1. Concentrations of elements at juniper site. Results from two dif-
ferent runs on the mass spectrometer using samples from the juniper site
plotted against soil depth. (a) Elements commonly found in high concentra-
tions. (b) Elements commonly found in low concentrations.
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Figure 2. Concentrations of elements at grass site. Results from two differ-
ent runs on the mass spectrometer using samples from the grass site plotted
against soil depth. (a) Elements commonly found in high concentrations. (b)
Elements commonly found in low concentrations.



Seasonal changes in soil temperature and water content were plotted
as a function of time over a year-long period (Fig. S4). Between the
summer of 2023 and the summer of 2024, the soil temperature changed
with the seasons in similar ways between sites, as expected, with the
soil temperature at the grass site remaining slightly higher than the soil
temperature at the juniper site. During warmer months, differences in
water content of the soil at each site also showed similar results, with
the grass site having slightly higher water content. At colder tempera-
tures, however, the water content of the soil from the grass site was
more variable than in the colder months and showed increases in water
content relative to the soil from the juniper site.

Principal Component analyses (PCA) were used to further assess dif-
ferences in soil chemistry at grass and juniper sites using cation con-
centration data. Two separate PCA plots show the patterns of variation
in soil chemistry based on the vegetation (Fig. 3) and soil depth (Fig.
4). The PCA analysis reveals two principal components that together
account for over 86% of the variability, with PC1 accounting for
54.4% of the variance and PC2 accounting for 21.8% of the vari-
ance. In the vegetation-based PCA plot, there is a clear separation be-
tween the soil samples from the grass site and the juniper site, with
samples from the grass site tending to be in the negative range and the
juniper site in the positive range of the PC1. The ellipse around the
juniper sites is larger than around the grass sites, indicating more var-
iability in the soil samples at the juniper site. The depth-based PCA
plot shows variation in soil chemistry based on differences in the soil
depth (categorized as shallow, middle, or deep). For samples that were
negative for PC1, there was nearly a complete overlap in the ellipses
for each soil depth, indicating no correlation with PC2 at the negative
PC1 values. For samples with a positive PC2, however, there seems to
be a correlation between soil depth and PC2. Specifically, PC2 values
decrease as soil depth increases. It is important to note that no samples
were in the deep category at the grass sample site.
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Figure 3. Principle Component Analysis (PCA) showing the distribution of
soil samples from the grass site (red) and juniper site (blue) based on PC1 and
PC2. Each point represents a sample, with ellipses indicating 95% confidence
regions where grass (red ellipse) or juniper (blue ellipse) samples are expected
to fall. The larger unshaded circle within each ellipse represents the mean po-
sition of each sample group.

To examine the availability of cations in the soil at varying depths,
cation exchange capacity (CEC) was analyzed (Fig. S5). The CEC
measures how many cations a soil can hold and is an indicator of the
health of the soil. One noticeable difference between the two sites is
that the grass site has much more variation than the juniper site be-
tween the depths of around 5 to 15 inches.

Gas data from October of 2023 and June of 2024 were also obtained
(Table S6). The ratio of stable carbon isotopes (8*3C in %) has similar
values for grass and juniper sites at both dates and depths. Values were
around -18, with the data decreasing between depths for both sites in
June and increasing between depths for both sites in October. Juniper

14C age in June of 2024 showed much younger samples with depth
negatively correlated with age. As for the grass site, the age was much
larger, and there was a positive correlation between age and depth at
this site. Finally, CO? concentration was much higher for the juniper
site than the grass site, with both sites increasing with depth.
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Figure 4. Principle Component Analysis (PCA) showing the distribution of
soil samples based on PC1 and PC2 categorized by depth: shallow (blue),
middle (green), and deep (red). Each point represents a sample with ellipses
indicating 95% confidence regions for each depth category. The larger un-
shaded circle within each ellipse represents the mean position for each depth
category. Due to differences in sample depth, the deep category consists ex-
clusively of samples from the juniper site.

DISCUSSION.

Components of climate, such as moisture and temperature, alter the
chemical composition of the soil. When the soil is above a cave, these
chemical signatures within the soil can be carried to and recorded in
speleothems. Those chemical signatures, stored for hundreds of thou-
sands of years, can then be used to recreate the soil chemistry and thus
infer information about past climate. Soil chemistry, however, is af-
fected by other variables in the environment. Understanding the rela-
tionship between those variables and the chemistry of the soil is essen-
tial to accurately understand past climate. This study analyzed the im-
pact of vegetation and sample depth on soil chemistry above a cave.

Surface soil data from both sites indicate that the juniper site has more
chemical variation than the grass site. This can be seen in the graphs
of the high-concentration elements where, at the juniper site (Fig. 4a),
there does not appear to be any correlation between the calcium and
magnesium levels, while in the grass site (Fig. 4b), calcium and mag-
nesium follow a nearly identical concentration path as depth increases.
Similarly, the graphs of low-concentration elements show that in sam-
ples from the juniper site (Fig. 4c) element concentrations are very
inconsistent as depth increases with many dips and peaks, while the
grass site (Fig. 4d) has very smooth and uniform lines revealing very
consistent changes in concentration as depth increases. This indicates
that the juniper site has more variation in different elements than the
grass site.

The PCA graph in Figure 6 reinforces this conclusion because the pa-
rabola containing the grass points does not intersect with the juniper
parabola at any point. This indicates that the two sites have signifi-
cantly different chemistry at all depths, even though the grass and ju-
niper sites were nearby.

Interestingly, the second PCA graph (Fig. 7), which presents data in
three different depth ranges, might indicate a relationship between
higher values of PC2 and shallower depths for the juniper site but not
the grass site. Figures 6 and 7 use the same data, simply examining
them from the perspective of the type of vegetation or soil depth, re-
spectively. The parabolas that indicate the various soil depths in Figure
7 (shallow, medium, and deep) converge for negative values of PC1



and separate at more positive PC1 values. In Figure 6, the parabola
that indicates grass data points shows that all the grass samples have
negative PC1 values while all juniper samples have positive PC1 val-
ues. Relating this information to Figure 7 could indicate a relationship
between smaller PC2 values and deeper soil samples for the juniper
site but not the grass site. This could provide additional evidence that
the chemistry of the juniper site varies much more than the grass site
as depth increases because PC2 varies as depth increases for the juni-
per site but not the grass site.

Water content and temperature data presented in Figure 5 conform to
expectations about grass and juniper plants, respectively. First, as the
temperature changes over one year, both grass and juniper sites remain
at similar values with the grass site having a slightly larger value than
the juniper site at most times. Secondly, the water content of the juni-
per site is always lower than the water content of the grass site. These
results meet expectations because since the sites are so close to each
other, they should have almost identical temperatures. The slightly
higher temperature in the grass site is likely due to the larger juniper
trees providing shade, lowering the temperature of the juniper site. Ad-
ditionally, the water content of the juniper site is expected to be lower
than the water content of the grass because the large juniper trees take
in much more water than the sparse native grasses.

The Cation Exchange Capacity (Fig. 8) shows that both grass and ju-
niper sites have similar average values, with the largest variation in the
grass site between 13-44 centimeters. This similarity in values is ex-
pected for both sites since they are near each other. One possible rea-
son for the sudden drop in the grass site between 23 and 36 centimeters
could be due to organic matter only influencing depths between the
surface and 23 cm and clay only influencing the cation exchange ca-
pacity at values lower than 36¢cm.

This research could be improved by collecting data from a larger num-
ber of grass and juniper sites and increasing the depth of the grass site
to match the depth of the juniper site. This would allow for a larger
amount of data to increase the certainty of the conclusions. Similarly,
increasing the depth of the grass site would allow for a more complete
comparison between the juniper and grass sites.

Gas sample data (Table S6) provides logical evidence for differences
between the two sites at both depths. The 8'3C in %o shows similar
values for all data at around -18. The reversed relationship for both
sites between the two dates could be caused by the data being recorded
at the end of the growing season in October 2023 and the start of the
growing season in June 2024. While this could be the case, more re-
search is necessary to test this claim. The reason the C age is so neg-
ative for the juniper site with younger samples at the lower depth is
likely because the roots of the juniper are cycling young gas through
the soil, causing the solid gas to look younger. Additionally, since the
tree roots reach deeper in the soil than the shallow gas sample, then it
is logical to discover that the deeper gas samples are younger than the
shallower ones. Similarly, for the grass site, since the sparse grasses
are not cycling very much younger-looking gas through the soil and
the gas that is cycled is at a shallower depth, we see an older gas age
that increases as depth increases. Finally, the reason the CO? concen-
tration is higher for the juniper site, with both sites increasing with the
depth, is that the juniper trees are taking more CO? than the grass site
leading to having less than the juniper site. Similarly, since the juniper
roots are deeper in the ground than the shallow sample, the increase in
depth for both sites could be caused by the juniper roots losing CO?at
depths closer to the deep sample site.

FUTURE DIRECTIONS.

This research is part of a larger project examining the chemical signa-
tures of fires in a karst environment. A controlled burn over Titan

Cave, scheduled between fall 2024 and spring 2025, will allow for an
investigation into how forest fires affect the geochemistry above the
cave. My research contributes to this goal by gathering preliminary
information on how fire affects the soil chemistry of different vegeta-
tion types as depth increases. The goal of the larger research project is
to enhance our understanding of how surface fires chemically alter
stalagmites. If successful, this data could provide crucial information
on the chemical signal of a large fire in the chemistry of a stalagmite
and could potentially identify major fires that occurred hundreds of
thousands of years ago. Ultimately, this research could be used to im-
prove reconstructions of past climate leading to more accurate climate
data to train climate models.

Understanding the timing of past fires can be highly valuable for re-
constructing historical climate conditions [3]. This knowledge can, in
turn, enhance the accuracy of current climate models, leading to better
predictions for weather, which is critical for our ability to make im-
portant decisions to combat the worsening effects of climate change.
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