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Men argue. Nature acts.

— Voltaire
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A B S T R A C T

From thermodynamic principles, Held and Soden (2006) predicted

that in a globally warming world, dry places become drier, and wet

places wetter; or by contrapositive, dry places become wetter in a glob-

ally cooling world. This hypothesis holds profound implications for

our increasingly warmer Earth and vital water resources. The mag-

nitude of this drying and whether it holds true on regional scales,

however, is not clear. To explore this further, there are two options:

we can model the future, or reconstruct the past.

This thesis is an exploration of the past and present regional hydro-

climate of the Great Basin. The Great Basin region is a large internally

drained area in the western United States that has experienced signif-

icant hydroclimate changes. Large interbasin freshwater lakes domi-

nated the landscape during glacial periods, and much time and effort

has been expended understanding the timing and causes of lake level

fluctuations. Until recently, there was a relatively poor understanding

of Great Basin hydroclimate in times beyond the reach of radiocarbon

dating. The Devils Hole record added another layer of uncertainty by

indicating a Termination II (T-II) at least 10,000 years earlier than in-

solation rise. After nearly 30 years, a new Devils Hole record offers

a promising reconciliation with orbital theory, indicating that certain
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geochemical and hydrological processes may have caused the older

apparent ages of the original record. However, many aspects of Great

Basin hydroclimate change are uncertain.

As such, I explore two new records of Great Basin hydroclimate

from Lehman Caves, Nevada, speleothems in this work. Speleothems

are cave formations, which can be dated very precisely using the

uranium-thorium radio-isotope system and have a number of chem-

ical and isotopic parameters that can be interpreted to represent re-

sponse to various facets of climate. For each record, both temperature

and potentially a seasonal precipitation contribution change response,

using δ18O values, and a hydroclimate response, using δ13C values,

Mg/Ca, and Sr/Ca ratios (in Chapter 4), or transition metals and

rare earth elements (in Chapter 5) are explored. Overall, Held and

Soden (2006)’s prediction holds true. However, on shorter time scales

climate response is more complicated, and millennial-scale events in

the North Atlantic can influence moisture delivery to the Great Basin

such that hydrologic changes do not always occur in lockstep with

temperature variations. I further examine the potential for a hydro-

logic signal in my δ18O record by combining modern trajectory anal-

ysis with precipitation isotope data.
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1
I N T R O D U C T I O N

A reliable supply of water is critical to all aspects of modern soci-

ety: recreation, agriculture, energy, industry, and not least national se-

curity. In a globally warming world, however, precipitation patterns

change. Dry regions become drier, and wet regions wetter (Held and

Soden, 2006); drought severity and precipitation intensity increase.

These incipient changes pose a significant challenge to our current

water infrastructure and management protocols (Bryson et al., 2008).

In order for society to develop and implement better practices, cli-

mate scientists must understand the magnitude and spatial patterns

of future hydrological response. On a regional scale, however, this is

poorly understood.

One way of improving this understanding is through the applica-

tion of past climate studies. Instrumental data only exists for approx-

imately the past 150 years and this time period exhibits limited vari-

ability compared to future projections. However, by looking further

back using paleoclimate archives, we can observe change over millen-

nial and glacial scales. This allows us to test the hypothesis of Held

and Soden (2006) and its corollary (in a globally cooling world, dry

regions become wetter and wet regions drier). In addition, we gain
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1.1 speleothems, lehman caves, and the great basin

insight into the magnitude of and mechanisms controlling changes

in climate and water availability on broad and narrow temporal and

spatial scales. Interpretations of these records can be further refined

with the context provided by analyzing modern data on environmen-

tal conditions and atmospheric circulation. In this work, I present

a speleothem study of past climate and hydrological change in the

Great Basin region of the United States and a back-trajectory analysis

of modern precipitation isotopes and moisture sources.

1.1 speleothems, lehman caves, and the great

basin

Speleothems, or cave formations, are particularly well-suited for pa- Speleothems:

literally “cave

deposits”.
leoclimate studies. Unlike ice cores, caves can be found at a variety

of latitudes and climates; unlike ice and sediment cores, speleothems

are largely well protected from disturbance and can be directly, abso-

lutely dated. The uranium-thorium system is most commonly used

to date speleothems. This system comprises first three long-lived iso-

topes of the uranium series: 238U, 234U, and 230Th, which have half

lives of 4.468 × 10
9 yrs, 2.455 × 10

5 yrs, and 7.54 × 10
4 yrs, respec-

tively (Cheng et al., 2013). Using modern mass spectrometric instru-

ments and techniques, high precision dates can be obtained (Shen

et al., 2012).

Uranium-thorium dating relies on the assumption that little to no

230Th was present initially. In the oxidative and chemical conditions of

2



1.1 speleothems, lehman caves, and the great basin

most surface waters, the hexavalent uranium is extremely mobile as

the uranyl ion (UO2

2+) and various uranyl complexes, and is incorpo-

rated into crystallizing calcium carbonate in vacant calcium sites (Do-

rale et al., 2004; Gascoyne, 1992a; Langmuir, 1978; Ortega et al., 2005;

Reeder et al., 2001). In contrast, the common ions of thorium (usu-

ally 4+ or 5+) are not soluble (Langmuir and Herman, 1980). Thus,

as speleothems precipitate from these extremely low 230Th/238U wa-

ters, only uranium is incorporated, and the 230Th that accumulates

over time is all radiogenic and formed in situ. In reality, some mi-

nor amounts of 230Th may be present initially due to adsorption onto

organic particles, clay minerals, or iron oxides incorporated into the

speleothem (Richards and Dorale, 2003), but this may be accounted

for via measurements of the more common and non-radiogenic 232Th

isotope and reasonable assumptions about the initial 230Th/232Th ra-

tio.

As the parent and daughter isotopes are radioactive, the time of

crystallization is derived from the activity ratio of 230Th/238U rather

than an atomic ratio. This derivation is complicated somewhat by the

presence of the long-lived intermediate 234U. The age equation as fol-

lows:

[
230Th
238U

]
A

= 1− e−λ230t +
δ234Umeas.

1000

(
λ230

λ230 − λ234

)(
1− e−(λ234−λ230)t

)
(1)

Where

3



1.1 speleothems, lehman caves, and the great basin

δ234Umeas. =

[
234U
238U

]
A

× 1000 (2)

Unless disturbed, this system achieves secular equilibrium, defined

as
[
230Th
238U

]
A

= 1, at approximately 700 kyr, depending on the sample

and with current analytical uncertainties (Edwards et al., 2003). Be-

yond this time, only a lower bound on sample age can be determined

via uranium-thorium methods.

Some researchers also employ carbon-14 methods or band count-

ing. Typically these serve a secondary purpose, such as radiocarbon

calibration or as a check upon uranium-thorium dates, rather than as

the primary dating method. In particular, band counting and confo-

cal microscopic inspections of speleothems are assuming greater im-

portance in the world of speleothem paleoclimate, as high-resolution

techniques become employed more often, permitting sub-annual res-

olution of fast-growing speleothems (Baker et al., 2008; Orland et al.,

2010, 2015).

Confocal microscopy (Semwogerere and Weeks, 2005) of

speleothems is performed by bombarding the sample with a

tightly-focused cyan (488 nm) laser. Organics, typically humic or

fulvic acids, trapped in the growth layers of the sample fluoresce

green (525 nm) under cyan illumination. As shown in Figure 1, the

green and cyan wavelengths are separated via a dichroic mirror,

transmitting only the green emission wavelengths. A pinhole aper-

ture selects for a specific, narrow focal plane viewed by the detector,
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1.1 speleothems, lehman caves, and the great basin

typically only a few tens of nanometers across. This setup yields

a high-resolution, high-contrast image, as light from out-of-focus

features is excluded. In these images, annual bands are distinguished

as pairs (or multiple pairs, depending on the annual wet-dry cycle) of

alternating linear light and dark features, with light corresponding to

high-organic acid content deposition and dark to low-organic depo-

sition (Orland et al., 2014). Annual banding may also be revealed via

ultra-violet light fluorescence, transmitted light microscopy, and/or

cyclical variations in trace elements or isotopic composition (Fairchild

et al., 2001; Mattey et al., 2008; Treble et al., 2003). In Chapter 5, I use

confocal microscopy to study the banding apparent in three of the

faster-growth portions of my sample and quantify the bands using

an automated procedure. Even when assuming that bands are simple

light-dark couplets, the number of bands is significantly less than

the number of expected. I discuss my band counting technique and

several potential reasons for the mismatch between uranium-thorium

dating and the band count in Section 5.2.4 and Section 5.3.2.

In addition to recording dating information, speleothems also con-

tain a number of other isotopic and geochemical systems that may

record environmental conditions, allowing us to investigate different

facets of past regional climate and hydrological changes. In this thesis,

I employ two stable isotope systems, oxygen and carbon, expressed as

δ18O and δ13C values, and trace elements, expressed as ratios (Mg/Ca,

Sr/Ca) or relative x-ray fluorescence signals as proxies.
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1.1 speleothems, lehman caves, and the great basin

Figure 1: Schematic showing how a confocal microscope selects light emit-
ted from a particular focal plane. The excitation wavelength is 488

nm, and the emission wavelength is 525 nm. Not shown is the
series of scanning mirrors between the dichroic mirror and objec-
tive lens that scan the laser in the x and y directions to form a
two-dimensional image. 3D images can be creating by scanning
adjacent focal planes within the sample.
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1.1 speleothems, lehman caves, and the great basin

A speleothem is the final product of a process that begins when

soil CO2 is dissolved in meteoric water. This acidic solution perco-

lates through the epikarst, dissolving carbonate rocks. When the water

reaches a void space underground CO2 may be lost, causing calcium

carbonate (usually calcite) to precipitate with an oxygen and carbon

stable isotopic composition in equilibrium with that of the water. If

the cave atmosphere is much less than 100% humidity, precipitation

may occur during evaporation. This obfuscates the original meteoric

water oxygen isotopic signal (Hendy, 1971). Speleothem δ18O values

may be controlled by air temperature, precipitation seasonality, dis-

tance from moisture source, a change in moisture source or in relative

contributions of different moisture sources, precipitation amount, lat-

itude, altitude, continentality (i. e., recycling and kinetic fraction via

progressive rain-out), and global ice volume (Chappell and Shackle-

ton, 1986; Dansgaard, 1964; Gat, 1996; Ingraham, 1998; Rozanski et al.,

1993; Shackleton, 1987). Some of these controls may be further ex-

plored via studies of modern precipitation isotopes in conjunction

with back trajectory and evaporation-precipitation flux analyses (usu-

ally referred to in this work as moisture uptake analyses), as in Chap-

ter 3.

Many speleothem studies produce only δ18O record of paleocli-

matic change. However, the additional proxies that are used in this

work provide a complementary perspective, and much recent work

is focused on exploring alternative proxies. Carbon isotopes have

been interpreted as measures of changes in the relative abundances of

7
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C4/C3 ratios and dominant type of the overlying vegetation (Dorale

et al., 1998), vegetation density and soil respiration (Baldini et al., 2005;

Hellstrom et al., 1998), soil or bedrock residence times or changes in

water-rock interaction (Baker et al., 1997; Genty et al., 2001a; Hendy,

1971), the amount of prior calcite precipitation (PCP) in the flow path

above the speleothem (Johnson et al., 2006); even as a proxy for the

carbon isotopic composition of atmospheric CO2 (Baskaran and Kr-

ishnamurthy, 1993). Trace elements are controlled by water-soil-rock

interactions, PCP, groundwater mixing, and introduction via aeolian

deposition (Fairchild et al., 2000; Li et al., 2005; Orland et al., 2014;

Tremaine and Froelich, 2013). In this work, I interpret δ18O as a reflec-

tion of temperature, with potentially some changes in precipitation

seasonality. δ13C and trace elements that substitute for Ca2+ in the

crystal lattice, such as Mg and most Sr, are controlled by PCP , an PCP is enhanced

during dry

conditions, and

increases trace

elemental ratios and

δ
13C values. See

Section 4.4.2.

indication of effective precipitation. Elements introduced by way of

organic colloids, such as rare earth elements, are also hydrologically

controlled (Borsato et al., 2007). Our interpretations were of course

made in light of regional speleothem studies and by taking into con-

sideration the geographic location of the cave my speleothems are

from and its particular morphology, microenvironment, overburden,

and local soil-water-rock geochemistry.

The stalagmites analyzed for this work are from Lehman Caves in

the Great Basin of the United States. The Great Basin region, shown in

Figure 2, is of particular academic and practical interest. The contro-

versial Devils Hole vein calcite record (Winograd et al., 1992), seeming

8
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to challenge the orbital theory of glaciation, was for many years the

only absolute-dated record of the penultimate glaciation termination

(Winograd et al., 1992). Replicating and explaining its anomalous tim-

ing of deglaciations has been an active focus of research throughout

the duration of this work, and it has only recently been reconciled

with orbital forcing (Moseley et al., 2016). Additionally, the Great

Basin is highly sensitive to changes in water balance, as evinced by

the presence of large freshwater lakes during glacial periods (Benson,

2003; Broecker and Orr, 1958; Eardley et al., 1973; Gilbert, 1890; Oviatt,

1997).

Lehman Caves is a highly decorated cave in the eastern part of the

Great Basin region. This cave is situated in the lee side of the south-

ern Snake Range, extending westward into the range within a ridge of

Pole Canyon Limestone (PCL), as shown in Figure 4. As a result of this

morphology, most water entering the cave percolates solely through

the PCL (Drewes and Palmer, 1957). Today, Lehman Caves is a prized

and protected part of Great Basin National Park (GBNP), but around

the turn of the previous century the cave underwent initial develop-

ment for tourism, with little concern for conservation. The original

focus was towards exploration and recreation. As a result, there are

many broken speleothems within Lehman Caves. This presents a near

ideal condition for speleothem paleoclimate researchers, who can har-

vest as many samples as needed to satisfactorily replicate their work

with minimal impact on the aesthetics and environment of the cave.

The drawback is that, unfortunately, in-situ information is lost. The

9
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Figure 2: The Great Basin region of the United States, with study site
Lehman Caves indicated.
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speleothems used in this study were collected as already-broken spec-

imens from the West and Inscription rooms Figure 3.
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Figure 3: A map of Lehman Caves. The speleothems presented in this the-
sis are from the West Room and Inscription Room. Modified from
National Park Service, Lehman Caves Map.
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Figure 4: The profile of Lehman Caves facing north, extending horizontally and westward through the tilted Pole Canyon
Limestone. Photography and cleanup of Lehman Caves visitor center sign performed by J.D. Warner.
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As the population of the Great Basin burgeons and global and re-

gional temperatures rise, understanding the trajectory of this water

balance will be increasingly important. The goals of the speleothem

studies coupled with the back-trajectory analysis presented in this

thesis are to help resolve the mechanisms of environmental variabil-

ity and contribute to our understanding of past, present, and future

climate and hydrological change.

1.2 overview

In this thesis, I present well-dated Lehman Caves speleothem records

of Great Basin paleoclimate and paleohydrological change and a back-

trajectory analysis of moisture transport to the region and their impact

on precipitation δ18O. The succeeding chapters are structured as fol-

lows:

Chapter 2

In order to more fully understand the paleoclimatic controls on

δ18O values in Lehman Caves speleothem calcite, a common

tactic is to study modern precipitation isotopes. One way this

is done is through a back trajectory analysis couple with mea-

sured precipitation δ18O values. This chapter describes the back

trajectory analysis workflow used in Chapter 3, which was im-

plemented in the Python computing language using my package

PySPLIT, designed to work with the HYbrid Single Particle La-

grangian Trajectory (HYSPLIT) model from the National Oceanic

14



1.2 overview

and Atmospheric Administration (NOAA) Air Research Labora-

tory (ARL). HYSPLIT and the architecture and various features of

PySPLIT are discussed, setting up the context and methodology

of the next chapter. An early version of this chapter was pre-

sented at SciPy 2015, the 14th Annual Conference for Scientific

Computing in Python, in July 2015 and published in the confer-

ence proceedings (Cross, 2015a). Since then, PySPLIT has been

significantly improved. This chapter discusses the most recent

version of PySPLIT, which is version 0.2 as of this writing. In

Appendix A, a full walkthrough of PySPLIT’s implementation

of the moisture-uptake algorithm of Sodemann et al. (2008b) is

presented.

Chapter 3

This chapter presents modern precipitation and surface water

stable isotope (δ18O and δD) data from GBNP and the results of

a back-trajectory and moisture uptake analysis used to investi-

gate the role of climate parameters and moisture source in de-

termining precipitation isotopic composition. We find our stable

isotope results are strongly correlated with temperature. In addi-

tion, we perform a back-trajectory and moisture uptake analysis

for a roughly north-south transect including Great Basin loca-

tions (Devils Hole, Leviathan Cave, Goshute Cave) discussed in

subsequent chapters.

Chapter 4

This chapter presents a partially replicated record of δ18O,

15



1.2 overview

δ13C, and trace elements (Mg/Ca, Sr/Ca) from Lehman Caves,

Nevada. Our record extends discontinuously from 140 ka to 81

ka, a time period which includes the penultimate deglaciation

Termination II (T-II). We find that δ13C values and the trace ele-

ment ratios are decoupled from δ18O values. Mg/Ca and δ13C

indicate wet conditions throughout the termination, correspond-

ing to Heinrich Stadial (H)11, and abrupt drying between 130

and 128 ka, correlating with the end of T-II and the end of

H11, which is associated with the end of Weak Monsoon In-

terval (WMI)II in East Asia. In contrast, δ18O increases steadily

throughout the termination, rising with boreal summer insola-

tion and CO2. This chapter describes in detail the construction

of this record, the interpretations of δ18O, δ13C Mg/Ca, Sr/Ca,

δ234Uinitial, and uranium-thorium dates and age model, and the

environmental implications and regional context of this record.

This chapter was previously published in a speleothem-related

special issue of Quaternary Science Reviews (Cross et al., 2015).

Chapter 5

Another Lehman Caves record is presented in this chapter. This

record of δ18O and X-Ray Fluorescence (XRF) elemental signals,

derived from the youngest growth section of WR-41, spans 65

kyr, between 78 to 13 ka, and provides the first Great Basin

speleothem test of the Leviathan Cave δ18O record (Lachniet

et al., 2014), as well as the first absolute-dated glimpse of hy-

drological changes in the Great Basin for this period of time.

16
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In addition to its paleoclimatic merit, this record is also of

technical interest. The growth rate of this 5.3 mm section was

extremely slow, such that conventional analyses average thou-

sands of years of climate information. In consequence, I assem-

bled this record using small uranium-thorium dating samples

and δ18O Secondary Ion Mass Spectrometry (SIMS) analysis, test-

ing the limits of current analytical techniques. In this chapter, I

discuss both the paleoclimatic and hydrological implications of

this record as well as the technical challenges associated with its

construction.

Chapter 6

I conclude this thesis by providing a cohesive summary of the

previous chapters. I discuss the paleoclimatic and paleohydro-

logical history of the Great Basin over the course of two deglacia-

tions and several millennial-scale events, the insights yielded by

back-trajectory analysis, and the implications for and potential

directions of future work.

Appendix A

The moisture uptake algorithm of Sodemann et al. (2008b)

was used to investigate GBNP moisture sources and precipita-

tion δ18O in Chapter 3. This algorithm was implemented in

the Python package PySPLIT, as described in Chapter 2. This

appendix contains the full code of this implementation inter-

spersed with commentary explaining the procedure.

17
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Appendix B

Supplementary data for Chapter 3 is included in this appendix.

The first data table contains monthly and seasonal data of

uptake-weighted average longitude, latitude, δ18O, δD, deu-

terium excess, distance, uptake temperature, and temperature

at time 0 for GBNP. The next four are tables of monthly and sea-

sonal uptake-weighted average longitude, latitude, distance, up-

take temperature, and temperature at time 0 for Lehman Caves,

Leviathan Cave, Devils Hole, and Goshute Cave. The final sec-

tion comprises supplementary figures.

Appendix C

One of the major challenges of understanding and communicat-

ing paleoclimatic data is constructing clear figures that provide

context and permit comparison with other regional and global

climate records. These figures typically consist of a plotting area

with multiple vertically offset y-axes against a common x-axis.

Constructing readable figures in this style is critical to the field

of paleoclimatology, but heretofore was quite difficult. To even

begin required expensive software or free but error-prone and

time-consuming methods. Neither approach was fully repro-

ducible. This appendix describes my open-source Python pack-

age TrendVis, the newest member of the matplotlib family. This

package builds reproducible, easily edited, clear, attractive plots,

which can be seen throughout this thesis, and is publicly and

freely available under a 3-clause Berkeley Software Distribu-

18
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tion (BSD) license. Since its release in July 2015, TrendVis has

been adopted by thousands world-wide and is downloaded ap-

proximately 600 times per month. This appendix was presented

at SciPy 2015, the 14th Annual Conference for Scientific Com-

puting with Python in Austin, TX, and was published in the

proceedings (Cross, 2015b).

Appendix D

Supplementary data for Chapter 4 is tabulated in this appendix.

This section encompasses trace element and stable isotope data

for IR-3 and for WR-41 between 139 and 129 ka and at 123 ka,

stable isotope data for two younger WR-41 growth phases (84

ka, 82 – 81 ka), and trace element data for speleothem LC-2.

Appendix E

For organizational purposes, the supplementary information for

Chapter 5 was split into two appendices. This appendix contains

supplementary data tables for Chapter 5. The conventional sta-

ble isotope and trace element ratio tables are followed by a table

of raw XRF data. The SIMS data are presented as a series of three

tables. The first two contain all sample and standard analyses

analyses presented in the order they were obtained. The last ta-

ble consists of accepted sample analyses in chronological order.

Appendix F

For organizational purposes, the supplementary information for

Chapter 5 was split into two appendices. This second appendix

for Chapter 5 contains brightfield and polarized reflected light
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images of the speleothem chip(s), supplementary plots of SIMS

analysis parameters, maps of SIMS analysis pits, results of an at-

tempt to count fluorescent bands, and Scanning Electron Micro-

scope (SEM) images of acceptable, borderline, and unacceptable

analysis pits.

Appendix G

The backbone of the work presented in Chapters 4 and 5 is

uranium-thorium dating. Obtaining precise, accurate dates, par-

ticularly with the cutting-edge small sample sizes used through-

out, requires low blank values. Throughout the course of this

work, blanks have been carefully monitored. The data included

in this appendix characterize the absolute and relative quantities

of isotopes 230Th, 232Th, 234U, 235U, and 238U and other impor-

tant blank parameters. Also included in this chapter are data

on chemical yields and spike isotopic composition, as well as

observations regarding Lehman Caves speleothem texture and

uranium geochemistry.

Appendix H

Prior to plotting, the paleoclimatologist must create age mod-

els, manage large proxy datasets, and for δ18O records, perform

ice volume corrections to correct the effects of changing ice vol-

ume from changing regional and global climate. This appendix

describes the Python package SpeleoPy, which comprises fast

Monte Carlo age modeling and ice volume δ18O correction us-

ing pandas and an included dataset. Walkthroughs and code
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snippets from both the age modeling and ice volume correction

functionalities are provided.
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2
I N T R O D U C T I O N TO PYSPLIT : A

P Y T H O N TO O L K I T F O R N OA A A R L’ S

H Y S P L I T M O D E L

summary

The National Oceanic and Atmospheric Administration (NOAA) Air

Research Laboratory (ARL)’s HYbrid Single Particle Lagrangian Tra-

jectory (HYSPLIT) model (Draxler and Hess, 1997, 1998) uses a hybrid

Langrangian and Eulerian calculation method to compute particle dis-

persion and deposition simulations and air parcel trajectories. This

model outputs air parcel paths projected forwards or backwards in

time (trajectories) and is used in a variety of scientific contexts. Here

I present the first package in the mainstream scientific Python ecosys-

tem designed to facilitate HYSPLIT trajectory analysis workflow by pro-

viding an intuitive Application Program Interface (API) for generating,

inspecting, and plotting trajectory paths and data.
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2.1 introduction

2.1 introduction

The HYSPLIT model consists of two main applications: air concentra-

tion and particle dispersion simulations, and PySPLIT’s specialty, air

parcel trajectories. The HYSPLIT model, described in Draxler and Hess Air parcels are

hypothetical small

volumes of air with

uniform

characteristics.

(1997), is available online via the Real-time Environmental Applica-

tions and Display sYstem (READY) interface (Rolph, 2003) — and has

been since the late 1990s — or as a downloadable version compatible

with PC or Mac (Draxler and Rolph, 2003).

Readily available, well maintained, and user-friendly, HYSPLIT has

a very low barrier to entry and has become a popular and reliable

choice for trajectory modeling. In the academic realm, air parcel tra-

jectory simulations are used in a variety of tasks, including visual-

izing regional atmospheric circulation patterns, investigating meteo-

rological controls on the isotopic composition of precipitation, and

calculating moisture uptake and transport. HYSPLIT is also used in

non-academic situations, such as ballooning.

However, neither the desktop version nor the online READY inter-

face has in-built means to inspect, sort, or analyze trajectories on the

basis of the output along-trajectory meteorological data, which is of-

ten a vital part of trajectory research problems. This restricts users to

inefficient and potentially error-prone options for data analysis, man-

agement, and visualization: writing custom scripts or managing tra-

jectory data via spreadsheet and GIS programs.
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Figure 5: A laboriously-generated plot of moisture flux ((m/s)(g/kg)) on a square-root scale in
Google Earth. This plot includes data from approximately 30 rain-bearing trajectories
arriving at noon on days in July, illustrating the influx of moisture into eastern China
during the summer monsoon. Dissatisfaction with this process and the result spurred
the development of PySPLIT.

Laborious and non-repeatable workflows develop when these limi-

tations meet large numbers of trajectories and limited user expertise.

For example, I created Figure 5 with at least three weeks of active

time, about 30 rain-bearing trajectories, and no fewer than three third

party programs. The end result is impossible to edit and would take HYSPLIT ships with

a shapefile and KML

output tool, which

could not be used to

make this

color-mapped plot.

significant time to recreate.

In response to this need for a more efficient way of working with

HYSPLIT trajectory data, the first iteration of PySPLIT, a Python toolkit

for HYSPLIT, was born in 2013. Since, then PySPLIT has been over-
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hauled, rewritten, and refactored multiple times. Although the full Over 15,000

additions and 12,000

deletions have been

made to PySPLIT

since it became a

package. Currently,

PySPLIT comprises

about 3000 lines of

code and

documentation. At

25 lines per page,

this is approximately

120 pages.

history of the package is outside of this chapter’s scope, some histori-

cal features and changes will be discussed for context.

This chapter is an update to and expansion of Cross (2015a), which

describes the previous iteration of PySPLIT. Here, we focus on the cur-

rent version of PySPLIT 0.2, which has been updated significantly. As

the first mainstream scientific Python toolkit for the generation, analy-

sis, and visualization of HYSPLIT trajectories, the key aim of PySPLIT is

still to provide an open source, flexible, and efficient system for repro-

ducible Python-based HYSPLIT trajectory analysis workflows. PySPLIT

depends on NumPy (Van Der Walt et al., 2011), matplotlib (Hunter,

2007), the matplotlib Basemap toolkit, geopandas (Jordahl), and the

dependencies therein.

The latest versions of PySPLIT have increased over a thousand-fold PySPLIT is publicly

available on GitHub

under the modified

BSD license. To

download, go to

https:

//www.github.com/

mscross/pysplit

the number of trajectories that can easily be generated and analyzed

while significantly decreasing the amount of required user interaction

time. In preparation for Figure 6, 60,000 trajectories were generated.

From those 60,000 trajectories, rain-bearing ones were sorted, further

analyzed, and professionally plotted. The total active time involved

in creating Figure 6 consisted of two to three hours. In this chapter,

we discuss and provide a practical guide to understanding the or-

ganization and structure of PySPLIT (Section 2.2), generating HYSPLIT

trajectories PySPLIT (Section 2.3), working with PySPLIT objects to per-

form trajectory analyses (Section 2.4), and visualizing trajectory paths

and data (Section 2.5).
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Figure 6 (previous page): A set of three moisture flux ((m/s)(g/kg)) plots on
a square-root scale, clearly showing the significant
seasonal variations in humidity in trajectories arriv-
ing at a Chinese cave. The trajectories shown here
were drawn from a total of 60,000 trajectories, which
were quickly and easily generated, analyzed, and vi-
sualized using PySPLIT 0.2.

2.2 the pysplit api

An overview of the structure of PySPLIT is critical to understanding

the interactions between PySPLIT objects and using the package effec-

tively. The current PySPLIT API comprises seven classes, six of which

deal with trajectory data. The relationships of these six classes are

shown graphically in Figure 7.

2.2.1 HyPath Class and Subclasses

HyPath, the first fundamental PySPLIT class, is the basic representa-

tion of a trajectory, whether it is an individual air parcel trajectory geopandas is a

geospatially-oriented

extension of the

pandas data

analysis library,

which uses NumPy at

a high level

(McKinney)

(Trajectory class) or an average path of many air parcel trajecto-

ries (Cluster class). This class is itself a subclass of the geopandas

GeoDataFrame (Jordahl), which is a two-dimensional tabular data

structure with labeled rows and columns. In previous versions of

PySPLIT, along-trajectory data was held in NumPy ndarrays. By switch-

ing from using NumPy to geopandas to manage along-path trajectory

data, PySPLIT exposes many data analysis tools and geospatial opera-

tions previous not available to PySPLIT users.
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In HyPath, each time step is represented by a row, and each vari-

able, such as time or temperature, is a column. The geometry col-

umn contains geographic information, represented as shapely 3D

Point objects of (latitude, longitude, altitude). In addition to its ba-

sic GeoDataFrame, HyPath includes a second path representation as

the path attribute, a shapely LineString, which is provided for con-

venient visualization purposes. The only class methods included with

HyPath are geometric calculations, as only the Trajectory subclass in-

cludes meteorological data. HyPath is never directly called or manip-

ulated by the user, and is only accessed via its subclasses, Trajectory

and Cluster.

PySPLIT users will work extensively with the Trajectory class . In- Trajectory objects

are hashable and

mutable.
stances of this class each represent one simple HYSPLIT air parcel tra-

jectory. In addition to geometry and datetime columns, Trajectory

objects will typically have pressure, temperature, and other columns

of along-path meteorological data output by HYSPLIT. Besides the

geometric calculations inherited from its parent class, HyPath, the

Trajectory class also includes calculations that deal with the along-

trajectory meteorology. The results of most of these calculations are

stored as new columns in the Trajectory object’s GeoDataFrame.

Other Trajectory class methods, such as loading the reverse trajec-

tories, generate new GeoDataFrame instances; still other methods, like

estimating trajectory integration error, result in floats or other built-in

types, all stored as Trajectory attributes.
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One of the Trajectory class methods results in a new GeoDataFrame:

Trajectory.moisture_uptake(). This is a flexible implementation of Moisture uptake

calculations

available in

Trajectory.uptake

. This attribute is

overwritten each

time the method is

called.

the moisture uptake algorithm from Sodemann et al. (2008b). Using

this method, humidity is compared at the beginning and end of a pe-

riod of 6 hours (or some other integer number of hours), which we

refer to as the “uptake window”. This comparison is repeated over

the entire back trajectory, from the earliest time point to the latest.

The degree and sign of change in humidity over the uptake window

indicates whether moisture has been lost or gained. The purpose of

this algorithm is not only to detect moisture uptakes, but to differ-

entiate between surficial and other moisture sources and determine

relative contributes of sources. In Sodemann et al. (2008b)’s original

paper, which did not use HYSPLIT, the criterion was position relative

to the planetary boundary layer. Uptakes occurring below this level

were regarded as uptakes from the Earth’s surface. In other works

that have used this algorithm but employed the HYSPLIT model, a par-

ticular pressure level, typically 900.0 hPa, is set as the dividing line

between surficial and atmospheric uptakes. With PySPLIT, the user

can choose to set their boundary as the mixing depth, a pressure level,

or both. A detailed walkthrough of this moisture source location and

contribution determination procedure is available in Appendix A. Re-

sults may be visualized similarly to the procedures described in the

creation of Figure 10.
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2.2.2 HyGroup Class and Subclasses

HyGroup, the second fundamental class of PySPLIT, is the basic con-

tainer object in PySPLIT. HyGroup subclasses TrajectoryGroup and

Cluster contain one or more Trajectory instances. The proper-

ties associated with these containers at the HyGroup level are the

list and number of Trajectory objects. The only class method is

HyGroup.addgroups(), which accepts another HyGroup object and re-

turns a list containing the union of the sets of Trajectory objects from

each group. Similar to HyPath, HyGroup is never instantiated by the

user; users only interact directly with its subclasses, TrajectoryGroup

and Cluster.

Instances of TrajectoryGroup represent a user-defined group of air

parcel trajectories. TrajectoryGroup objects are iterable, returning in-

dividual Trajectory objects when indexed and new TrajectoryGroup

objects when sliced. The HyGroup.addgroups() method is over-

ridden in TrajectoryGroup, resulting in the creation of a new

TrajectoryGroup from the list of Trajectory objects produced by

hygroup.add_groups(). The final method included in this subclass is

TrajectoryGroup.make_infile(), which writes Trajectory filenames

to an extension-less file called “INFILE” in preparation for cluster

analysis. See Section 2.4.3 for

the discussion on

clustering and

PySPLIT

Once the user performs clustering in HYSPLIT, the results can be

initialized in PySPLIT and analyzed via the Cluster and ClusterGroup

classes. Since Cluster objects are associated both with a path and a
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set of trajectories, Cluster multiply inherits from HyPath and HyGroup.

The attributes and methods inherited from HyPath are described in the

previous section and shown in Figure 7.

Each Cluster object has a .clusternumber attribute that is used to

identify member Trajectory objects and the file containing its path

information. The set of Trajectory objects in each Cluster is deter-

mined by the results of HYSPLIT cluster analysis, and ClusterGroup

contains all of the clusters determined in a single clustering run.

ClusterGroup, the container for Cluster objects, is a stand-alone class

— not a subclass of HyGroup.

Like TrajectoryGroup, as a HyGroup instance Cluster objects inter-

cept the .addgroups() method and result in the creation of a new

TrajectoryGroup. A new Cluster is not returned because a new path

is not calculated. In contrast to TrajectoryGroup objects, Cluster ob-

jects are not iterable. ClusterGroup objects, however, are iterable, re-

turning individual Cluster objects or new ClusterGroup instances

when indexed or sliced, respectively. All attributes and methods not

discussed are shown in the PySPLIT architecture diagram, Figure 7.
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Figure 7 (previous page): PySPLIT architecture, showing relationships among classes and
inheritances.

2.2.3 MapDesign and Other Functionality

The seventh PySPLIT data type is the MapDesign class. This class was

included to enable the user to quickly and efficiently create attractive

maps using the matplotlib Basemap toolkit. MapDesign offers profes- MapDesign was

created solely for

convenience — any

matplotlib

Basemap may be

used for

visualization

sional light, medium, and dark gray backgrounds with variation be-

tween land and water, a tool for quickly labeling similar features with

consistent fonts, and nice defaults for map making. For simplicity, the

only public function in MapDesign is MapDesign.make_basemap(). The

use of MapDesign and how to plot trajectory data is discussed in Sec-

tion 2.5.

Finally, PySPLIT includes some functionality outside of its class

architecture. This functionality includes trajectory generation (Sec-

tion 2.3), Trajectory loading and TrajectoryGroup initialization (Sec-

tion 2.4.1 and Section 2.4.2), as well as Cluster and ClusterGroup

initialization (Section 2.4.3).
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2.3 trajectory generation

2.3.1 A Practical Guide

Trajectory generation, the first step in a HYSPLIT workflow, may be per-

formed using the online READY interface, the HYSPLIT Graphical User

Interface (GUI), or the command line. However, the bulk generation

method within the GUI is limited to a month of trajectories per run and

READY users are limited to 500 trajectories per day. PySPLIT includes

a method that calls HYSPLIT to generate arbitrarily large numbers of

trajectories launched from a single location over as many months and

years as desired. . This allows the user to set up a comprehensive In the future, other

methods will allow

users to provide a

list of specific dates

for which they want

trajectories

batch to run without constant monitoring or action:

1 pysplit.generate_bulktraj(’umn’, r’C:/hysplit4/working’,

2 r’C:/trajectories/umn’, r’E:/gdas’,

3 [2011, 2012], [1, 7], [5, 11, 17, 23],

4 [500, 1500], (44.98, -93.23), -167,

5 monthslice=slice(0, 32, 1),

6 meteo_bookends=([4, 5], [1]),

7 get_reverse=True, get_clipped=True,

8 hysplit=’C:\\hysplit4\\exec\\hyts_std’)

The first four arguments in the call above consist of a base name, the

path to the desktop HYSPLIT working directory, the desired trajectory

storage location, and the location of the meteorology data used to cal-

culate each trajectory. All HYSPLIT trajectory files created in this batch

have the same base name of “umn”, followed by the altitude, season,

and year, month, day, and hour in the format YYMMDDHH, for exam-

ple “umnjan0500winter11010105”. The next five arguments consist of
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the parcel launch times and location, respectively indicating the years,

months, hours in UTC, launch altitude in meters above ground level,

and the launch coordinates in decimal degrees, which here indicate

the University of Minnesota, Twin Cities. The last required argument

is the length of the trajectory in hours. The sign of this integer deter-

mines whether the trajectories are run forwards or backwards in time

from the launch location.

Of the function’s five keyword arguments, the first, monthslice,

is a Python slice object that gets applied to the range of days

in each month. This slice object is a new feature that allows the

user to generate trajectories for a particular subset of days within

each month, and/or to generate trajectories only every nth day. The The default

monthslice ensures

trajectories are

generated for every

day in the indicated

months and years

meteo_bookends keyword deals with meteorology files required by

HYSPLIT, and is discussed in the next section, Section 2.3.2. The next

two keyword arguments, get_reverse and get_clipped, respectively

indicate whether or not to initialize reverse trajectories are started
A “reverse”

trajectory is one run

from the endpoint of

the original

trajectory in the

opposite direction.

from the endpoint and trimmed-down (“clipped”) versions of the tra-

jectory files. These keywords and the use of the trajectory files they

spawn are discussed in Section 2.3.3. The final keyword is the loca-

tion of the HYSPLIT executable that actually calculates the air parcel

trajectories. The given value is the location for a default PC HYSPLIT

installation.

The information provided by the user is employed to write the file

“CONTROL” to disk, a file that contains the HYSPLIT simulation pa-

rameters. For each trajectory, the existing “CONTROL” file is deleted,
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a new “CONTROL” is written, and finally the HYSPLIT executable is

called to calculate the trajectory. The resulting plain-text trajectory file

is extension-less and stored in the specified output directory, which in

this example is “C:/trajectories/umn”. Each file consists of trajectory

initialization information, the data column labels, and the trajectory

data. Every data time point is recorded as a separate entry in the file.

2.3.2 Concerning Meteorology

To calculate air parcel trajectories, HYSPLIT requires meteorology files

of the appropriate temporal and spatial range. These meteorology

files must be in a particular packed format, which is described in

the HYSPLIT user guide and referred to as ARL-packed. ARL-packed

reanalysis products are readily available via FTP from the desktop

HYSPLIT, and registered users may also access forecast data. Addition- See the HYSPLIT use

agreement for more

information

concerning

publishing and the

redistribution of

HYSPLIT model

results using

forecast data.

ally, HYSPLIT includes routines to pack meteorology data such as ERA-

interim data, for which decades of information is available, from other

formats into ARL-packed files.

The gdas1 dataset is the 1 x 1 degree Global Data Assimilation Sys-

tem 3-hour meteorology reanalysis product from the national Weather

Service’s National Centers for Environmental Prediction (NCEP). Ac-

quired via HYSPLIT, these files by default have names in a consistent

format. The current iteration of PySPLIT returns files on a monthly

basis. However, it searches for files in the given directory, returning

those matching a format of “*mon*YY*#”, where “*” is a Bash-style
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wildcard, “mon” is a three-letter lower-case abbreviation of the month,

“YY” is a two digit integer representation of the year, and “#” is the

number of the file within the month. For example, “*jan*07*2” will

find both “gdas1.jan2007.w2” and “edas.jan2007_2” . The EDAS dataset is

a 80 or 40 km

semi-monthly

dataset covering

much of North

America.

To generate trajectories every day of each month, files from the pre-

vious and/or following months are required. How many and which

files are required are indicated by the keyword meteo_bookends. The

default (see example code) is primed for setting up an entire month

of forwards and backwards trajectory generation with weekly data

files by calling in the 4th and 5th week from the previous month and

the first week of the next month. The user is ultimately responsible

for ensuring that the appropriate meteorology files are available and

indicated.

2.3.3 Special Features

Two features not available with the READY or desktop HYSPLIT in-

terfaces are included with pysplit.generate_bulktraj(). The first

is triggered by the get_reverse keyword argument. When True,

PySPLIT automatically opens a newly generated trajectory file and

reads in the location of the last time point, from which it launches

a trajectory in the opposite direction in time. The resulting “reverse”

trajectory is stored in the ./reverse/ subdirectory inside the main

output folder. These reverse trajectories may be compared with the
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originals to estimate integration error, a procedure discussed in Sec-

tion 2.4.2.

The second feature facilitates HYSPLIT clustering. Each time point

in a trajectory file is typically recorded on a single line. However,

these lines have a limited number of characters, and time points will

span multiple lines if more than seven of nine meteorological vari-

ables available for output are selected. HYSPLIT’s clustering method

fails given files with multi-line time points. To overcome this obstacle,

when the keyword get_clipped is True, PySPLIT will open a newly

generated trajectory file and copy only the trajectory header and the

path (x, y, z, p) data . This data is written to a new file with single- The along-path

meteorology is

ignored; HYSPLIT

clusters solely on the

basis of path

line time points thatHYSPLIT will readily use to perform clustering.

Like the reverse trajectories, these “clipped” trajectories are stored in

a subdirectory inside the main output directory.

2.4 working with pysplit objects

2.4.1 Loading Trajectories

Once trajectories have been generated, the next step is to load trajec-

tory files and create Trajectory objects. Although geopandas comes

packaged with several geographic data file loading routines, HYSPLIT

trajectory files are relatively complex, requiring a custom routine. The Numbered lines of

code are part of a

sample PySPLIT

workflow.

file loading and Trajectory object initialization occurs during the ini-

tialization of the user’s first TrajectoryGroup:
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9 umn_tg = pysplit.make_trajectorygroup(r’C:/trajectories/umn/*’)

The TrajectoryGroup umn_tg is returned, containing all of the trajec-

tories that fit the given Bash-style signature loaded as Trajectory ob-

jects. As this particular signature was just a wildcard in our main out-

put directory, all 992 trajectories generated above were loaded. Each

trajectory is represented by a single Trajectory object consisting of

a GeoDataFrame of path and along-path data as well as of other at-

tributes. Alternatively, if the filenames of the specific trajectories we

wish to work with are known, make_trajectorygroup() will accept a

list of filenames in lieu of a Bash-style signature.

Although PySPLIT only performs trajectory generation that results

in one trajectory per file, more complex simulations in HYSPLIT can be

set up. When these are encountered by PySPLIT, each trajectory in a

file will become a distinct Trajectory object.

The file loading procedure is memory efficient, allocating the re-

quired amount of memory per trajectory in a single step.

2.4.2 Trajectory and TrajectoryGroup

The TrajectoryGroup is the basic container for PySPLIT Trajectory

objects and is created when Trajectory objects are loaded into

a workspace. New TrajectoryGroup instances can also be cre-

ated from lists of Trajectory objects or the addition of multiple

TrajectoryGroup instances. Adding two or more TrajectoryGroup
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objects yields a new TrajectoryGroup containing the set of unique

Trajectory objects . Trajectory objects

have a trajid

attribute, which is

based on the

trajectory filename

The current TrajectoryGroup class is focused largely on Trajectory

organization. Most Trajectory analysis methods live in or are

accessed directly by the Trajectory class. Once the initial

TrajectoryGroup is created, a typical PySPLIT workflow involves iter-

ating through the TrajectoryGroup (umn in the example workflow be-

low), initializing and inspecting attributes of the member Trajectory

instances. Those Trajectory instances that meet certain criteria can

be sorted into new TrajectoryGroup objects. In the example code be-

low, we calculate the point to point and cumulative distances cov-

ered by the trajectories, the point to point and mean vectors, and

the moisture fluxes, iterating through the Trajectory objects in the

TrajectoryGroup umn_tg. The reverse trajectory is loaded and we es-

timate the integration error by comparing the distance between the

launch point of the original trajectory and the endpoint of the reverse

trajectory with the total distances covered by both trajectories. Our

new trajectory group, new_tg, is created from the set of trajectories

that were launched at local noon (0500 UTC) and have an integration

error less than 5%:

10 for traj in umn_tg:

11 traj.calculate_distance()

12 traj.calculate_vector()

13 traj.calculate_moistureflux()

14 traj.load_reversetraj(os.path.join(traj.folder, ’reversetraj’))

15 traj.calculate_integrationerr()

16

17 newtg = []

18 for traj in umn_tg:

19 if pd.DatetimeIndex(traj.DateTime).hour[0] == 5 and traj.integration_error < 5.0:
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20 newtg.append(traj)

21

22 new_tg = pysplit.TrajectoryGroup(newtg)

2.4.3 Cluster and ClusterGroup

To investigate the dominant flow patterns in a set of trajectories,

HYSPLIT includes a clustering procedure. PySPLIT can expedite prepa-

rations for the clustering process and the subsequent analysis and

visualization . For a description of

cluster analysis

itself, see the

HYSPLIT user

manual.

To begin the clustering procedure, HYSPLIT requires a file contain-

ing the filenames or full paths of all trajectories to be clustered.

Once the user has created a TrajectoryGroup with trajectories that

meet their specifications, they can use the TrajectoryGroup method

make_infile() to write member Trajectory full paths to this file,

which is extension-less and named “INFILE”. In the example code be-

low, we write “INFILE” to the cluster/working directory of HYSPLIT’s

home folder. PySPLIT will attempt to write the full paths of the clipped

versions of the trajectories to “INFILE”, if available, otherwise the full

paths of the regular trajectories will be used.

23 new_tg.make_infile(r’C:/hysplit4/cluster/working’)

Once the “INFILE” is created, the user must open HYSPLIT to run

the cluster analysis and assign trajectories to clusters. Advice con-

cerning the determination of the number of clusters (along with all

other HYSPLIT aspects) is available in the HYSPLIT manual (Draxler

and Hess, 1997). Assigning trajectories to clusters creates a file called
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CLUSLIST_# in the working directory, where “#” corresponds to the

number of clusters specified by the user. This file indicates the dis-

tribution of Trajectory in the TrajectoryGroup among clusters, and

along with the cluster path endpoints files is used to create Cluster in-

stances contained in a ClusterGroup. The example code below shows

the creation of a ClusterGroup (clusgroup) from the TrajectoryGroup

new_tg using the trajectory assignment file. The third argument is the

directory containing the cluster endpoint files.

24 clusgroup = pysplit.spawn_clusters(new_tg,

25 r’C:/hysplit4/cluster/working/CLUSLIST_4’,

26 r’C:/hysplit4/cluster/working’)

Geometric data such as point to point distance and average vec-

tors can be calculated for each Cluster by iterating through the

ClusterGroup, identical to how these properties were calculated for

Trajectory objects by iterating through the TrajectoryGroup:

27 for clus in clusgroup:

28 clus.calculate_distance()

29 clus.calculate_vector()

2.5 visualization: overview and cookbook

As visualization and figure creation is key part of data analysis and

scientific communication, the PySPLIT package includes matplotlib

and Basemap-based visualization tools. In this example (Figure 8), we

initialize a MapDesign object — a set of design parameters — and an

empty map with a lower left corner at 10N, 115W; an upper right

corner at 50N, 50W; and default formatting:
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Figure 8: A matplotlib Basemap object quickly generated with the default
PySPLIT MapDesign parameters.

map_params_example = pysplit.MapDesign([-155, 10, -50, 55], [])

example = map_params_example.make_basemap()

Trajectory and Cluster each have two storage locations for time

step coordinates. The first is a path attribute, which is a Shapely

LineString object. The second location is the geometry column, which

is a geopandas GeoSeries of Shapely Point objects. The two storage

locations permit convenient access to geospatial data, and by using

Shapely objects and geopandas many interesting and useful geospa-

tial analysis operations, such as calculating boundaries and centroids,

creating buffers, determining including and exclusion; are made avail-

able to the user. In the following code example and Figure 9, we access

the path attributes of our Trajectory and Cluster objects calculated

in Section 2.4.3, and plot them on Lambert Conformal Conic maps

created using customized MapDesign instances:

30 # Create figure and subplots

31 fig, (ax0, ax1) = plt.subplots(nrows=2, figsize=(10,10))

32
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33 # Initialize arguments and keyword arguments

34 param_dict = {’projection’:’lcc’, ’latlon_labelspacing’:(10,30),

35 ’latlon_spacing’:(10,15), ’latlon_fs’:14}

36 mapcorners = [-155, 10, -50, 55]

37 standard_pm = [-110, 20, 40, 30]

38 colors = np.linspace(0.10, 0.9, clusgroup.clustercount)

39

40 # Initialize MapDesigns

41 map_params0 = pysplit.MapDesign(mapcorners, standard_pm, **param_dict)

42 map_params1 = pysplit.MapDesign(mapcorners, standard_pm,

43 lon_labels=[’bottom’], **param_dict)

44

45 # Initialize maps on subplots

46 map0 = map_params0.make_basemap(ax=ax0)

47 map1 = map_params1.make_basemap(ax=ax1)

48

49 # Plot Clusters and Trajectories

50 for clus, color in zip(clusgroup, colors):

51 c = cmap.viridis(color)

52 plot_params = {’color’:c, ’latlon’:True, ’zorder’:25}

53

54 map0.plot(*clus.path.xy, lw=clus.trajcount*0.25, **plot_params)

55

56 for traj in clus.trajectories[::3]:

57 map1.plot(*traj.path.xy, **plot_params)

58

59 fig.subplots_adjust(hspace=0.1)
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Figure 9 (previous page): The Cluster paths (upper subplot) and their member Trajectory objects
(lower subplot). The Cluster paths, calculated by HYSPLIT, reveal the dom-
inant Trajectory patterns. The widths of each Cluster path represents
the number of member Trajectory objects. The map projection is defined
by standard parallels at 20 and 40 N and a standard meridian at 110 W.

The next example shows how to access the second geographic in-

formation storage location (the geometry column), as well as how to

use some of the more advanced visualization tools. The first feature

we encounter in the code below helps users efficiently label maps.

pysplit.labelfile_generator() creates an example text file of la-

bels at the given location. The user can then open the file in a text

editor and fill in their desired map labels, which fall under one of

five categories: “sea”, “ocean”, “country”, “place”, and “city” . In the

MapDesign call, we indicate which label file and which categories of

labels to include.

Although we can create a scatter plot by calling either

ax.scatter() or map_scatter.scatter(), PySPLIT includes the func-

tion traj_scatter(), which provides additional normalization op-

tions. For this example, we choose a square-root normalization for

the data plotted as color, allowing us to more efficiently use the full

range of the colormap (data can also be normalized and plotted as

marker size variation). The last special tool included in PySPLIT is

make_cax_cbar(), one of two functions which facilitates the creation

of colorbars. This particular function creates a new subplot for the col-

orbar with the given position and size (list of floats argument). The

results of the code block below are shown in Figure 10.
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60 # Make then edit text file of labels

61 pysplit.labelfile_generator(r’C:/trajectories/umn/example_labelfile.txt’)

62

63 # Initialize figure and map parameters

64 fig, ax = plt.subplots(figsize=(10,7))

65 param_dict = {’projection’:’lcc’, ’latlon_labelspacing’:(10,30),

66 ’latlon_spacing’:(10,15), ’latlon_fs’:14,

67 ’maplabels’:([’sea’, ’country’, ’ocean’],

68 r’C:/trajectories/umn/example_labelfile.txt’)}

69 mapcorners = [-155, 10, -50, 55]

70 standard_pm = [-110, 20, 40, 30]

71 map_params = pysplit.MapDesign(mapcorners, standard_pm, **param_dict)

72

73 # Initialize maps

74 map_scatter=map_params.make_basemap(ax=ax)

75

76 # Find maximum and minimum moisture flux

77 max_mf = 0

78 min_mf = 200

79 for traj in new_tg:

80 if traj.Moisture_Flux.max() > max_mf:

81 max_mf = traj.Moisture_Flux.max()

82 if traj.Moisture_Flux.min() < min_mf:

83 min_mf = traj.Moisture_Flux.min()

84

85 # Make scatter plot with square-root normed moisture flux

86 for traj in new_tg[::3]:

87 mappable = pysplit.traj_scatter(

88 traj.Moisture_Flux.astype(np.float64).values,

89 traj.geometry.apply(lambda p: p.x).values,

90 traj.geometry.apply(lambda p: p.y).values,

91 map_scatter, colormap=cmap.viridis, cnormalize=’sqrt’,

92 vmin=np.sqrt(min_mf), vmax=np.sqrt(max_mf), suppress_printmsg=True)

93

94 # Make colorbar on its own axis

95 cax, cbar = pysplit.make_cax_cbar(fig, [0.2, 0.1, 0.6, 0.05], mappable,

96 tick_fs=14, label_fs=16, cbar_label=’Moisture Flux ((g/kg)(m/s))’,

97 labelpad=12);

98

99 # Edit the tick label values- want actual rather than sqrt ticks

100 ticklabels = cbar.ax.get_xticklabels()

101 newlabels = []

102 for tl in ticklabels:

103 newlabels.append(str(int(tl.get_text())**2))

104 cbar.ax.set_xticklabels(newlabels)
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Figure 10: Example scatter plot. Moisture flux ((m/s)(g/kg)) of back trajecto-
ries arriving at University of Minnesota plotted on a square root
scale.
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2.6 conclusions

These “recipes” and example figures are a mere fraction of the

possibilities for matplotlib and PySPLIT. Instead of a scatter plot in

Figure 10, we could have created a matplotlib hexagonal binning

(hexbin) plot of moisture flux data. Advanced routines for hexagonal

binning are not included in PySPLIT at this time, though they may be

implemented in future versions.

2.6 conclusions

The goal of PySPLIT is to provide a powerful, flexible Python-oriented

trajectory analysis workflow to HYSPLIT users and eventually become

the toolkit of choice for HYSPLIT trajectory research. PySPLIT has an in-

tuitive API for extremely efficient trajectory generation, analysis with

geopandas, and visualization with matplotlib and the matplotlib

Basemap toolkit. The current version, 0.2, represents significant itera-

tive improvements, including speed and memory efficiency, a tabular

data structure employing geopandas, and trajectory generation flexi-

bility.

In the future, PySPLIT capabilities will be expanded with a greater

variety of moisture uptake and other meteorological calculation meth-

ods, trajectory generation for a list of specific dates, generation on

pressure and condensation levels, and other features.
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3
G R E AT B A S I N M O I S T U R E S O U R C E S

A N D P R E C I P I TAT I O N I S OTO P E S

summary

Precipitation and surface water samples were collected between 2007

to 2011 from the Great Basin National Park (GBNP) in the western

United States and analyzed for stable isotopes (δ18O and δD). Using

this precipitation and surface water stable isotope data and HYbrid

Single Particle Lagrangian Trajectory (HYSPLIT) back trajectory anal-

ysis, we investigated moisture source regions and precipitation sea-

sonality. Our results show strong relationships between precipitation

δ18O values and temperature. We compare our results to a purely

back trajectory analysis of rain-bearing trajectories arriving at each

of four Great Basin locations: Lehman Caves (in the GBNP), Goshute

Cave, Devils Hole, and Leviathan Cave.
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3.1 introduction

Oxygen isotopes are a widely used proxy in a significant variety of pa-

leoclimate archives, including speleothems, ice cores, tree rings, and

sediment cores. For speleothems, numerous above-cave and in-cave

processes such as evaporation in the soil and epikarst, calcite-water

fractionation, kinetic fractionation, and others affect the δ18O values

(Hendy, 1971; Gascoyne, 1992b; Mickler et al., 2004; Lachniet, 2009;

Scholz et al., 2009). However, these processes only modify the original

isotopic signal of the water delivered to the cave via local precipitation.

Precipitation δ18O values are affected by numerous processes and vari-

ables (Dansgaard, 1964) effective on different timescales. On geolog-

ical timescales, changes in altitude, latitude, and continentality may

be significant controls on δ18O values. For most late Quaternary pa-

leoclimate studies, however, temperature, precipitation amount, pre-

cipitation seasonality, moisture recycling, the effect of ice volume on

ocean δ18O values, and moisture sources and distance from moisture

source are of greater concern (Chappell and Shackleton, 1986; Dans-

gaard, 1964; Gat, 1996; Ingraham, 1998; Rozanski et al., 1993; Shackle-

ton, 1987).

The effects of temperature (Rozanski et al., 1992) and precipitation

amount on oxygen isotopic composition are well-established, as are

global ice volume changes, which can be accounted for ((Chappell

and Shackleton, 1986; Shackleton, 1987) and others; see Appendix H

and the references therein). Changes in moisture source— either the
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relative contributions of different sources or modification at the source

— have been implicated in δ18O change in several studies (Arz et al.,

2003; Cruz et al., 2006; Fleitmann et al., 2009), including Feng et al.

(2014), which suggests that a gradient in speleothem δ18O values from

Arizona to Texas indicates increased influence of moisture from the

Gulf of Mexico during the Bølling-Allerød (BA). Their conclusions

were in part derived from a modern back trajectory analysis for three

locations in an east-west transect.

The development of Lagrangian air-parcel trajectory and dispersion

models such as FLEXPART/FLEXTRA (Stohl et al., 1995, 1998), TRA-

JKS (Scheele et al., 1996), LAGRANTO (Wernli and Davies, 1997), and

HYSPLIT (Draxler and Hess, 1997; Draxler and Rolph, 2003) has facili-

tated these investigations into the modern moisture sources and stud-

ies of past moisture source change. The impact of different sources

may be quantified with evaporative and precipitation flux calculations

(Baldini et al., 2010; Nieto et al., 2006; Gimeno et al., 2010; Krklec and

Domínguez-Villar, 2014; Sodemann et al., 2008b,a). In this chapter,

we use the HYSPLIT model in conjunction with the moisture uptake

algorithm of Sodemann et al. (2008b) to understand controls on pre-

cipitation stable isotopes in GBNP and the role of moisture source in

determining precipitation isotopic composition.

GBNP, home to Lehman Caves (see Chapters 4, 5) is located in the

eastern portion of the Great Basin region, which is to the north of the

area investigated by Feng et al. (2014). This hydrographic province

(Figure 11) is a vast, internally drained, semi-arid portion of the west-
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Figure 11: The Great Basin region of the United States. The first portion of
this study is based in GBNP, home to Lehman Caves. For the lat-
ter portion, we launched back trajectories from each of the four
locations starred here. Paleoclimate studies have been based in
each of these four locations. Lehman Caves: (Cross et al., 2015;
Lachniet et al., 2014; Shakun et al., 2011; Steponaitis et al., 2015),
Leviathan Cave: (Lachniet et al., 2014), Goshute Cave: (Denniston
et al., 2007), Devils Hole: (Coplen et al., 1994; Landwehr et al.,
2011; Ludwig et al., 1992; Moseley et al., 2016; Winograd et al.,
1988, 1992, 2006).
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ern United States, bordered on the west by the Sierra Nevada. A va-

riety of lake, speleothem and other freshwater carbonate studies have

been performed in an attempt to understand the significant hydro-

climate changes that have occurred, including the two studies pre-

sented in Chapters 4 and 5. The history of Great Basin paleoclimate

analysis is more fully described in those chapters. Additionally, GBNP

has a burgeoning literature of surface water, cave water, groundwater,

and precipitation isotope studies and trajectory and circulation analy-

ses (Paul and Thodal, 2014; Prudic and Glancy, 2009; Friedman et al.,

2002a,b; Smith et al., 2002; Houghton et al., 1969; Elliott et al., 2006; In-

graham and Taylor, 1991). This chapter represents the first combined

back trajectory and quantitative moisture uptake analysis for the re-

gion, supported by a new dataset of precipitation and Great Basin

water isotopes.

3.2 methods

3.2.1 Water Collection

Stream, spring, lake and cave water samples were collected in glass

vials from various locations in and around GBNP between September

2007 to September 2011. Snow samples were collected from snow that

was then melted prior to isotope analysis. Rain samples were some-

times collected directly from run-off from buildings and gutters. Most

rain samples were collected in glass jars under screened funnel to pre-
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vent insects and debris from falling into the collection jar. Approxi-

mately 3 cm of mineral oil was placed in the jars to prevent water

from evaporating. Most samples represent single precipitation events

(n=130). However, some samples are the aggregation of several events

(n=23). Aggregate samples were excluded from this analysis due to

uncertainty about timing and proportionality of included events. Of

our single precipitation events, 89 occurred over 37 multi-event or

multi-collection days. As distinguishing among multiple daily events

without strict timing data is a subjective process, these 89 events were

combined into 37 daily averages, resulting in a total of 78 days con-

sidered in our trajectory analysis.

3.2.2 Precipitation Isotope Analysis

Water samples were analyzed at Brigham Young University on a Finni-

gan Delta Plus Isotope Ratio Mass Spectrometer (IRMS) interfaced to

a Finnigan Gasbench for oxygen and deuterium isotopes. Isotope re-

sults are presented relative to international standards in conventional

δnotation as ‰:

δsample =
Rsample − Rstandard

Rstandard
× 1000 (3)

Where R is the ratio of the heavy isotope to the light isotope. Data

were normalized against standards for accuracy using linear regres-

sion. Data and equipment were checked for precision by running du-
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plicate samples and duplicate standards; precision ranges between

±0.16 – ±0.2 ‰ for δ18O values and is ±0.5 ‰ for δD values.

3.2.3 Back Trajectory Generation

We examined the history of our precipitation events via 7 day HYSPLIT

back trajectories originating at the Lehman Caves Visitor’s Center in

the GBNP (39.01°N 114.22°W). Back trajectories were generated with

the bulk trajectory generation routine included in the Python pack-

age PySPLIT (Chapter 2, (Cross, 2015a)). Using the archived 1-degree

GDAS dataset, we generated back trajectories every three hours for

every day between January 1, 2007 to December 31, 2011 at five differ-

ent altitudes above ground level: 500, 1000, 1500, 2000, 2500 m. Typical

trajectory output includes along-trajectory path (latitude, longitude,

altitude above ground level) data, pressure; we chose to additionally

output along-trajectory rainfall, terrain elevation, relative humidity,

specific humidity, mixing depth, solar flux, and air and potential tem-

perature. These meteorological data are derived from the input me-

teorological files. This process yielded 73,040 back trajectories, or 40

trajectories per day for 1826 days.

Additionally, we generated “reverse” trajectory and “clipped” tra-

jectory counterparts concurrently with each original back trajectory.

Our reverse trajectories travel forwards in time from the last time

point of each of our back trajectories, ideally ending at or near the

back trajectory origin point. Clipped trajectories, which are versions
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of the original trajectory files that contain only path data, were ne-

cessitated by the multi-line trajectory file output forced by our choice

of eight meteorological variables. HYSPLIT clustering routines cluster

solely on the basis of path, and fail when given multi-line output. Fur-

ther discussion of these special generation procedures is presented in

Section 2.3.3.

Since we employed PySPLIT to generate these trajectories, each tra-

jectory is logically and uniquely named with the month, season, alti-

tude, and a string representation of the date in Coordinated Universal

Time (UTC). The advantage of this naming strategy is that it allows us

to parse specific date ranges or other criteria without having to load

files into memory. Accounting for the 8-hour offset between UTC and

Pacific Standard Time (PST), we collected all trajectory filenames con-

taining one of the 78 dates for which we have data. The trajectory file-

names were used to initialize a series of 78 PySPLIT TrajectoryGroup

objects, each containing the set of 40 trajectories from a single day, for

a total of 3,120 analyzed trajectories.

3.2.4 Back Trajectory Analysis

Certain measures were undertaken to improve the quality of our pre-

cipitation isotope analysis. Prior to trajectory generation, the TRATIO

parameter, which controls grid cell size, in the HYSPLIT model configu-

ration was set to 0.25 to improve accuracy. Additionally, we estimated

the integration error for each of our 3,120 trajectories. This is per-
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formed by comparing the distance between the reverse trajectory end

point and the back trajectory origin point (closure distance) with the

average distance traveled by each parcel (travel distance). Trajectories

with closure distances greater than 10% of the travel distance were

considered to have unacceptable integration error and were discarded.

The along-trajectory moisture flux, point-to-point bearings, and mean

bearing were calculated, and the date and time of each time point

were adjusted from UTC to PST for our remaining trajectories.

We further reduced the number of working trajectories by selecting

the set of trajectories corresponding to the hour in each day the max-

imum rainfall occurred, according to the along-trajectory rainfall out-

put. For days with indeterminate results, the noon trajectories were

selected. Using these sets of 3-5 trajectories, we calculated the max-

imum difference between vectors representing the circular mean of

each trajectory to assess vertical shear, a measure recommended by

Stohl (1998). The shear associated with each precipitation event is rep-

resented the color of trajectories spawned at 1000 m above ground

level in Figure 14. Although many trajectories have low associated

shearing instabilities, several are severe. However, since these partic-

ular trajectories do not represent extreme isotopic values or unusual

paths, we did not eliminate any trajectories on this basis. Next, we

extracted from each set the trajectory launched at 1000 meters above

ground level. At this location, 1000 m above ground level corresponds

to approximately 700 hPa, which is considered to be one of the pres-

sure levels from which precipitation is derived. Due to a high inte-
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gration error, a single 1000 m trajectory had been previously rejected.

The rest of our analysis concerns the remaining 77 days and corre-

sponding representative trajectories. For a visualization of the full and

reduced suites of trajectories, see Figure 56.

Using the 77 remaining trajectories, we performed a HYSPLIT clus-

tering routine. Each of the 7 clusters, containing 3 – 32 trajectories,

was assigned an average δ18O value and vertical wind shear value

calculated from the values of its member trajectories.

Finally, we performed a moisture uptake analysis using the algo-

rithm of Sodemann et al. (2008b), implemented in the Python package

PySPLIT as described in Chapter 2 and Appendix A. We chose 0.5

g/kg and -0.2 g/kg as our evaporation and precipitation parameters,

respectively. As in other midlatitude moisture uptake analyses (Krklec

and Domínguez-Villar, 2014; Breitenbach et al., 2010), we chose these

parameters to decrease sensitivity and the chance of false positives.

Our vertical criterion for discriminating between atmospheric and

surficial moisture sources was height relative to the mixing depth.

Monthly and seasonal uptake-weighted geographic means, distances,

temperatures, δ18O, δD, and deuterium excess values of surficial mois-

ture sources were calculated from the results.

3.2.5 Great Basin Analysis

As we note in Chapters 4 and 5, Great Basin speleothem δ18O records

exhibit significant occasional disagreement. As a first pass at under-
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standing the role of moisture source and timing in these differences,

we performed moisture uptake analyses using 7-day back trajectories

launched at noon on approximately 700 hPa level at noon PST from

Lehman Caves (39.01N, 114.22W), Devils Hole (36.43N, 116.29W),

Goshute Cave (40.03N, -114.78), and Leviathan Cave (37.89, 115.58).

We chose these locations because they are on a roughly evenly spaced

N – S transect and have a history of paleoclimate records that have his-

torically shown discrepancies (see Chapter 4). The trajectories we gen-

erated span approximately the same time interval (September 2007 –

September 2011) as the previous portion of this study.

As before, each set of trajectories was filtered for integration error

and rainfall. Moisture flux, along-trajectory distance, vectors, and the

moisture uptakes — using the same thresholds as previously — were

calculated for rain-bearing trajectories with low (<10%) error. Monthly

and seasonal uptake-weighted geographic means, distances, and tem-

peratures of the surficial moisture sources were calculated from the

uptake results. Additionally, we performed a cluster analysis for each

location.

3.3 results and discussion

3.3.1 Precipitation Isotopes

Seasons were defined according to the meteorological convention:

winter includes December, January, February; March, April, and May
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comprise spring, and so on. Figure 12 displays the seasonal break-

down of our 130 single-event precipitation sample analysis results.

The unweighted seasonal mean value is displayed as a white star in

each panel. Winter precipitation δ18O values (n=51) range between -

23.6 and -5.4 ‰ with a mean of -17.5 ‰; δD values were recorded

from -179.7 to -55.6 ‰, and the mean value is -127.8 ‰. In the spring,

we observed an range of δ18O values and δD values that were respec-

tively -23.5 – -5.7 and -175.9 to -30.2 ‰ (n=37), with means of -13.9

and -104.2 ‰. Summer precipitation (n=21) δ18O values extend from

a minimum of -20.5 ‰ to a maximum of -5.7 ‰, with a mean of -

5.8 ‰. The summer δD values range between -79.1 and 2.85 ‰; the

summer δD mean is -46.3 ‰. Finally, the autumn precipitation (n=21)

isotope values are moderately similar to spring precipitation isotope

values, albeit with a more limited range. The autumn δ18O range ex-

tends from -19.9 to -6.3 ‰ and the δD values vary between -144.2 and

-53.8 ‰, with respective means of -13.4 ‰ and -97.4 ‰.

Our precipitation isotope values are in line with previous GBNP

studies of precipitation isotopes and seasonality such as Prudic and

Glancy (2009); Paul and Thodal (2014), in which isotopically light val-

ues are associated with cold winter snows and heavier values with

warm summer rain events. The seven-pointed star in each panel of

Figure 12 represents the volumetric weighted annual mean values of

precipitation δ18O and δD values in the GBNP, approximately -15.5 ‰

and -115 ‰ (Paul and Thodal, 2014).
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Figure 12: Great Basin precipitation isotopes are shown here by season; each panel highlights a
single season, with precipitation isotope data from other seasons plotted faintly behind.
Each season has a different but overlapping isotope range. The unweighted seasonal
mean is shown in each panel as a white star, and the volumetric weighted annual mean
from a study of GBNP water chemistry is plotted in each panel as a seven-pointed star.
Also shown are the global, local, and local seasonal meteoric water lines.
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3.3.2 Surface Water Isotopes

We calculated a local meteoric waterline from our 130 precipitation

events with an equation of:

y = 6.78x− 8.51× 1000 (4)

with an R2 value of 0.931. In Figure 13, we plot a series of GBNP

stream, cave, lake, spring, and tap waters (“surface waters”) with our

precipitation events. The cave waters plotted with a lighter outline

are from Steponaitis et al. (2015), collected in May 2013 and January

2014. Except for one summer stream sample with unusually high δD

relative to the other water samples, all of the surface water samples

closely follow or cluster around the local meteoric water line within

the envelope created by our precipitation samples within the heavy

end of winter precipitation and lighter ranges of spring and autumn

precipitation. We agree with Paul and Thodal (2014) that surface wa-

ters in the GBNP are minimally affected by evaporation and likely re-

flect recharge mostly from winter precipitation, with potentially mi-

nor amounts of warmer-season precipitation contributing. Other re-

searchers in the Great Basin have also found minimal evaporative

effects in precipitation and surface water isotopes (Friedman et al.,

2002b; Benson and Klieforth, 1989), and indicate that groundwater

recharge is driven mainly by winter precipitation (Friedman et al.,

2002b).
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Figure 13: The left, main panel shows the precipitation (colored) and surface water (white) isotope results, along with seasonal
and semi-annual means. The surface waters cluster tightly long the local and globally meteoric water lines, closer
to winter than summer isotopic means. Panel “B” at right inspects in greater detail the cluster of surface waters, the
types of which are indicated by shape. The cave waters outlined in gray are from (Steponaitis et al., 2015), collected
in May 2013 and January 2014. All other surface waters are from this study. The seven-pointed star indicates the
volumetric-weighted annual mean of precipitation isotopes from Paul and Thodal (2014).
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3.3.3 Trajectory Analysis of Precipitation Isotopes

Overall, most trajectories reaching GBNP within 168 hours come from

the west. Our cluster analysis (Figures 14 and 57) shows typical flow

patterns, comprising 7 different trajectory path types. The 3 isotopi-

cally heaviest clusters show markedly different paths: the heaviest

flows northward from the Baja Peninsula and Gulf of California, an-

other cluster originates near the Aleutian Islands, and nearly half

of the 1000 m rain bearing trajectories originate moderately close

to shore and travel directly westward. The remainder are derived

from the central and northern Pacific. Following the conventions of

(Houghton et al., 1969; Friedman et al., 2002a), the four clusters origi-

nating to the northwest of GBNP correspond to the “Arctic” (A) mois-

ture source; the heaviest cluster among those four may also be influ-

enced by the “continental polar” (D) source. The two clusters extend-

ing directly west correspond to the “maritime polar” (B) source, while

the cluster originating over the Baja Peninsula clearly corresponds to

the “maritime tropical” source (C).

Figure 15 show that certain path types are associated with partic-

ular seasons, the clearest example being the consistent derivation of

isotopically heavy summer precipitation events from the Gulf of Cal-

ifornia. These summer precipitation events are also significantly en-

riched in δD (Friedman et al., 2002a,b) found in their trajectory anal-

ysis for Winnemucca, NV in the western Great Basin and Cedar City,

UT in the eastern Great Basin that most trajectories tend to skirt the
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Sierra Nevada, traveling northeast or southeast rather than directly

eastward. Our trajectory analysis shows some of this behavior, par-

ticularly in the summer; however, many winter trajectories traverse

the Sierra Nevada. Our δ18O and δD values do not show any obvious

effects from this traverse.

Deuterium excess, defined as

d = δD− 8× δ18O (5)

where d is in ‰, is used to investigate conditions at moisture source,

such as temperature and relative humidity, and air mass evolution

processes. Several studies have used deuterium excess as a means of

identifying moisture sources and source changes (Masson-Delmotte

et al., 2005; Liu et al., 2008; Vimeux et al., 2001). In Figure 16, our

deuterium excess, which ranged from -41 ‰ to 95 ‰, is plotted as

trajectory color. Most of the precipitation events with the smallest

deuterium excess occurred in the summer, except for one high δ18O

value winter event, though several summer trajectories have moder-

ate to high deuterium excess values. Apart from these small seasonal

variations, there is no consistent pattern that would allow us to use

deuterium excess to identify moisture sources, a conclusion Friedman

et al. (2002a) have also reached.
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Figure 14: Cluster analysis reveals dominant trajectory patterns that are not immediately appar-
ent while viewing trajectory paths. Trajectory color represents the δ18O value of the
associated precipitation, while cluster color is the mean δ18O value of the member tra-
jectories. A large component of annual rainfall events originate off the western coast,
while a number of relatively isotopically heavy events originate in the Gulf of Califor-
nia.
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Figure 15: A seasonal breakdown of 1000 m trajectories arriving at GBNP. The trajectory color indicates the δ18O of the associ-
ated precipitation event.
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Figure 16: A seasonal breakdown of 1000 m trajectories arriving at GBNP. The trajectory color indicates the deuterium excess
of the associated precipitation event.
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3.3.4 Moisture Uptake Analysis

Of our seventy-seven 1000 m rain-bearing trajectories, we identified

surficial moisture sources for 54 trajectories. The maximum percent

identified surficial moisture for a single trajectory was 86% and the

nonzero minimum was 2%. Although we will not discuss the non-

surficial moisture uptakes in detail here, the maximum percent total

identified moisture was 100% for two trajectories.

The results of our moisture uptake analysis are shown in Figures

17 and 18. As expected, more moisture (larger marker size in both

figures, darker color in Figure 18) is taken up over ocean rather than

land. This is visible to some degree when considering moisture flux

(Figure 58), but moisture flux in the Great Basin is not as seasonally

variable as some regions, such as eastern and southeastern Asia, and

does not necessarily indicate the actual moisture source.

Certain patterns we viewed in the trajectory analysis are empha-

sized in our moisture uptake results. The southern coast of California

and the Gulf of California are in the summer the most important

sources of moisture to the GBNP, and in other seasons contributions

from further afield in the west and northwest (see also Figure 19) be-

come more significant.
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Figure 17: A seasonal breakdown of moisture uptakes. Distinct seasonal spatial patterns can be observed, particularly where
summer and autumn are concerned. Point colors represent the δ18O value of the associate precipitation event, with
lighter shades indicating lighter isotopic values. Marker size indicates amount of moisture taken up at that location
and delivered to GBNP.
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Figure 18: Another seasonal breakdown of moisture uptake. In this figure, color represents the fractional contribution of mois-
ture taken up at each location and delivered to GBNP. Point size indicates the absolute amount. Unsurprisingly,
continental sources contribute less moisture in both fractional and absolute terms than oceanic sources.
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As shown in Figure 20, the strongest relationships δ18O values have

are with temperature, both ambient temperature at uptake location

(R2 = 0.746, p < 0.001) and ambient temperature at GBNP (R2 = 0.808, p

< 0.001). The slopes of these lines, 0.612‰/°C and 0.520‰/°C respec-

tively, correspond to the mid-latitude air temperature – precipitation

relationship of 0.5 – 0.69‰/°C described by Dansgaard (1964).

3.3.5 Great Basin Trajectory and Moisture Uptake Analysis

For each location, out of 1461 trajectories, less than 200 produced rain.

The typical paths of these trajectories (Figure 21) follow generally sim-

ilar patterns to those seen in our previous GBNP (Figure 14) trajec-

tory analysis. However, the importance of the set of trajectories from

the south and southwest increases from north to south in the Great

Basin, as evinced by the relatively thicker cluster path. This reflects

the greater contribution of winter precipitation from the subtropical

Pacific (Figure 23) due to a southward-shifted jet stream during the

winter months.
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Figure 19: A polar plot of δ18O (color), uptake-weighted distance from GBNP, and bearing from
GBNP. All moisture arrived from a southern to northwestern direction. Summer mois-
ture is derived from a more southerly direction and from closer than precipitation in
other seasons, particularly winter.
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Figure 20: The strength of various relationships with δ18O are examined above. Each point repre-
sents a monthly (circle) or seasonal (triangle) mean, while the color indicates the month
or season. The strongest correlations are between δ18O and temperature at uptake lo-
cation (R2 = 0.746, p < 0.001), and between δ18O and temperature at time 0 (the GBNP,
R2 = 0.808, p < 0.001). Our δD values are also strongly correlated with temperature (for
uptake temperature vs δD R2=0.833, p < 0.001 and for t=0 temperature R2=0.806, p <
0.001).
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Figure 21: Shown are the results of the cluster analyses of the rain bearing trajectories arriving at each location from September
2007 to August 2011. The locations, Goshute Cave, Lehman Caves, Leviathan Cave, and Devils Hole (north to south),
are all approximately 1 degree of latitude apart. The clusters colors, chosen from matplotlib’s viridis colormap,
are used only to distinguish clusters. The width of each cluster indicates the number of trajectories belonging to each
color. A number of features remain constant among the four locations, such as a cluster with a southern origin. As
we will see in later figures, however, this cluster begins to encompass not just summer but also winter precipitation.
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Figure 22: A small percentage (7 – 11.75%) of noon 700 hPa trajectories arriving in the Great Basin
bring rainfall to the area (dotted line). Of those, winter events consist of approximately
37 (Lehman Caves) to 50% (Devils Hole). Lehman Caves and Goshute Cave have a
significant percentage of spring precipitation events (roughly 35%). For all locations,
summer rain-bearing trajectories are least common.

Table 1: The initial rainy trajectory counts, the number of trajectories for
which surficial uptakes were found, and the maximum and non-
zero minimum surficial uptakes.

Trajectory Traj. with Surface Maximum Total Minimum* Total
Count Uptakes Surface Uptake (%) Surface Uptake (%)

Goshute Cave 160 117 87.0 3.0
Lehman Caves 153 114 91.0 0.6
Leviathan Cave 122 80 89.0 1.0

Devils Hole 90 45 89.0 0.2
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point size indicates the amount of moisture taken up at each location.
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Figure 24: All moisture uptakes for each Great Basin location. Color indicates the temperature at t=0, while point size indicates
the amount of moisture taken up at each location. Temperature at t=0 corresponds strongly to the precipitation δ18O
value.
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corresponds to season. The colored stars in each panel are the uptake-weighted centroids of each seasonal polygon.
The Lehman Caves panel contains polygons with dashed outlines and points indicated by circles, which are the
seasonal uptake bounds and weighted centroids for our uptake analysis of the GBNP precipitation isotopes.
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All locations predominantly receive moisture during the winter,

with the least amounts during the summer. We found the summer

surficial moisture uptakes were the most spatially limited, being gen-

erally restricted to the Gulf of California, in agreement with Benson

(1999) and references therein, and the coast of California and Mexico.

For most of the year, the most important uptakes occur over the Pa-

cific Ocean, particularly near shore, and there is much seasonal over-

lap in uptake regions (Figure 25). Lehman Caves and Goshute Cave

show significant uptakes over Texas and northern Mexico associated

with warm (Figure 24) autumn (Figure 23) precipitation events. These

uptakes and a few rain-bearing trajectories that originate over Mexico

and the Gulf of Mexico (Figure 59) suggest that occasionally the Great

Basin receives significant moisture ultimately sourced from the Gulf

of Mexico.

Feng et al. (2014) suggest that Texas, and to a lesser extent, New

Mexico and Arizona, have in the past received greater summer Gulf of

Mexico moisture during the BA warm period. It is unclear if this effect

extends to the Great Basin. Modern studies of instrumental data, how-

ever, suggest that warmer Atlantic temperatures (during warm-phase

Atlantic Meridional Oscillation (AMO)) lead to widespread summer

drought and reduced summer precipitation in western North Amer-

ica (Enfield et al., 2001; McCabe et al., 2004; Sutton and Hodson, 2005).

As global warming progresses, continuous precipitation isotope mon-

itoring and back trajectory analysis will likely provide valuable in-

sight into the role of the Atlantic and the significance and degree of
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enhanced penetration of Gulf of Mexico moisture in western North

America.

3.4 future work

In our temporally limited study, the relationship between precipita-

tion isotopes and ambient temperatures is quite clear, and conforms to

the expected relationship for mid-latitude regions. However, the role

of moisture source in Great Basin precipitation isotopes remains un-

clear. Longer-term precipitation monitoring studies, especially with

precipitation amounts taken into consideration, may prove useful in

elucidating the role of additional factors controlling precipitation iso-

topes. Additionally, performing back trajectory and moisture uptake

analyses for decades past, especially targeting spans when different

modes of particular (ENSO, PDO, AMO) oscillations were in operation,

would provide greater insight into their roles in Great Basin climate

and hydroclimate.
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4
G R E AT B A S I N H Y D R O LO GY,

PA L E O C L I M AT E , A N D C O N N E C T I O N S

W I T H T H E N O R T H AT L A N T I C : A

S P E L E OT H E M S TA B L E I S OTO P E A N D

T R A C E E L E M E N T R E C O R D F R O M

L E H M A N C AV E S , N V

summary

We present1 a record of speleothem stable isotope (δ18O, δ13C)

and trace element (Mg/Ca, Sr/Ca) variations from Lehman Caves,

Nevada for an interval of time (139 – 129 ka) that encompasses the

penultimate glacial termination (Termination II). Additional growth

phases provide data from about 123 ka, a time that correlates with

Marine Isotope Stage (MIS) 5e, and about 84 ka and between 82

1 This chapter was previously published in Quaternary Science Reviews: Cross,
M., McGee, D., Broecker, W. S., Quade, J., Shakun, J. D., Cheng, H., Lu, Y., and
Edwards, R. L. (2015). Great Basin hydrology, paleoclimate, and connections
with the North Atlantic: A speleothem stable isotope and trace element record
from Lehman Caves, NV. Quaternary Science Reviews, 127:186–198. doi: 10.1016/
j.quascirev.2015.06.016. URL http://dx.doi.org/10.1016/j.quascirev.2015.06.
016.
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lehman caves paleoclimate: 140 – 81 ka

and 81 ka (MIS 5a). Chronologies from two new stalagmites are an-

chored by thirty-six uranium-thorium dates. We also present new

trace element data from stalagmite LC-2, which has a previously

published uranium-thorium chronology and stable isotope record of

Termination II (T-II) (Shakun et al., 2011). Our T-II δ18O record broadly

replicates that of the Shakun et al. (2011) and Lachniet et al. (2014)

records of this time, recording low values from 139 to 135 ka followed

by an approximately 3.5‰ increase over an extended interval between

134 and 129 ka. This rise in δ18O values occurs during Heinrich Sta-

dial11 and the associated Weak Monsoon Interval observed in Chi-

nese caves; our record broadly follows the marine termination, rising

boreal summer insolation, and the rise in atmospheric CO2. We in-

fer that this shift results from temperature increase due to increasing

atmospheric CO2 and potentially a change in moisture source or pre-

cipitation seasonality from greater influence of the North American

Monsoon accompanying summer insolation increase. It is also plausi-

ble that the melting of the ice sheet itself may have contributed to both

temperature and precipitation seasonality changes. Trace element ra-

tios and δ13C values are largely decoupled from δ18O values, showing

minimal variation between 139 and 130 ka, for the duration of the Chi-

nese Weak Monsoon Interval. However, these values increase sharply

between 130 and 128 ka, which we interpret as increased prior cal-

cite precipitation driven by a transition from wet to dry conditions.

This abrupt drying event coincides within dating uncertainties with

the abrupt strengthening of the East Asian summer monsoon, which
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marks the end of both the Weak Monsoon Interval and Heinrich Sta-

dial11. Our records demonstrate a link between North Atlantic cli-

mate and Great Basin moisture during this time that is consistent

with the interpretation of data from the last glacial period and may

result from abrupt shifts in Atlantic Meridional Overturning Circula-

tion affecting the strength of the Aleutian Low.

4.1 introduction

The Great Basin has been recognized for over a century as the site

of vast periodic hydrologic changes, revealed by the rise and fall of

paleolakes Bonneville, Lahontan, and other interbasin lakes (Broecker

and Orr, 1958; Eardley et al., 1973; Gilbert, 1890; Oviatt, 1997). Due to Lakes and basins

that fill with

rainwater and reach

highstands during

glacial periods are

called pluvial lakes.

dating limitations of lake cores and shoreline outcrops, however, most

studies have focused on the Last Glacial Maximum (LGM) and most re-

cent glacial-interglacial transition Termination I; less is known about

the nature and timing of Termination II (T-II) and other times beyond

the reach of radiocarbon dating in the Great Basin. This information

is critical to define and model the mechanisms controlling orbital and

millennial-scale climate and hydrologic change, as well as to under-

stand water balance in a region projected to become even drier in the

coming decades (Seager et al., 2007). Earth’s axial tilt

(obliquity), orbital

eccentricity, and

seasonal precession

together control

insolation.

Glaciations have occurred following orbital cycles through the Qua-

ternary. Glacial periods are followed by rapid deglaciations, or ter-

minations, that may be triggered when rising summer boreal insola-
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Figure 26: A map of the Great Basin indicating the locations of Lehman Caves, Goshute Cave,
Leviathan Cave, and Devils Hole. The color scale indicates the winter (December, Jan-
uary and February) and summer (June, July, and August) contributions to mean annual
precipitation (Hastings et al., 1999). Much of the modern Great Basin receives an approx-
imately equal distribution of precipitation between winter and summer, but studies of
cave, spring and groundwaters indicate that the majority of recharge is from winter
precipitation.
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tion intensity causes the initiation of melting of large, isostatically-

balanced continental ice sheets. After the initiation of melting, the

disintegrating ice sheets released massive quantities of meltwater and

icebergs into the North Atlantic (Heinrich Events), reducing merid-

ional overturning circulation and increasing ocean stratification, lead-

ing to expansive winter sea ice formation (Cheng et al., 2009; Den-

ton et al., 2010). This sea ice cover has been implicated both in cre-

ating extreme seasonality in and around the North Atlantic and in

quickly propagating the resulting winter anomaly globally (Denton

et al., 2010). In the Great Basin, lake level rises are associated with

Heinrich Stadial (H)1 (McGee et al., 2012; Munroe and Laabs, 2013b)

and the Younger Dryas (YD) stadial (Oviatt, 1997) and increased fresh- Some consider YD to

be H0.water inputs to Lake Bonneville occur during H2 (McGee et al., 2012),

possibly due to the alteration of Walker circulation or strengthen-

ing of the Aleutian Low, which would enhance moisture delivery to

the region (Okumura et al., 2009), or via an ice-sheet modulated jet

stream position (Anderson et al., 1988). Speleothems from the south-

western United States also show clear responses to Heinrich stadials

(Asmerom et al., 2010; Musgrove et al., 2001; Wagner et al., 2010).

However, the connection between Great Basin and North Atlantic

climate is not as clear prior to the last glacial cycle. The first abso-

lute dated, high-resolution record of T-II in the Great Basin was the

Devils Hole vein calcite δ18O record (Ludwig et al., 1992; Winograd

et al., 1992). Recording a 2‰ increase in δ18O that seemed to show the

penultimate deglaciation greater than 10 kyrs before a rise in North-
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ern Hemisphere summer insolation and H11, this record sparked

years of debate on the controls of the Devils Hole isotopic record

and challenged the conventional understanding of the mechanisms

by which orbital forcing modulates global climate and glacial cycles

(Herbert et al., 2001; Imbrie et al., 1993; Winograd, 2002). To test the

possibility of an early T-II elsewhere in the Great Basin, Shakun et al.

(2011) developed a speleothem record from Lehman Caves Figure 26,

showing a 2‰ rise in δ18O values between 133.5 ± 0.7 and 128.9 ± Regional records of

climate change

disagree on the

timing of T-II.

0.4 ka, consistent with global marine and terrestrial records of T-II and

orbital forcing as shown in Figure 27 (Cheng et al., 2009; Drysdale

et al., 2005; Imbrie et al., 1984; Kawamura et al., 2007). Subsequent

speleothem work supported and extended the Shakun et al. (2011)

T-II record (Lachniet et al., 2014).

In this study, we test for replication of this key oxygen isotope

record immediately before, during, and subsequent to T-II. More-

over, we obtained trace metal (Mg/Ca and Sr/Ca) ratios as a means

of characterizing local to regional-scale effective precipitation (Fig-

ure 27). Trace metals have provided valuable hydrological insights

in speleothems from diverse locations (Cruz et al., 2007; Orland et al.,

2014; Roberts et al., 1998; Tan et al., 2014), and in modern Lehman

Caves conditions appear to be a measure of aridity, reflecting the

amount of prior calcite precipitation (PCP) occurring in the epikarst

above the cave (Steponaitis et al., 2015). By combining oxygen and The goal: replicate

the δ18O record of

temperature and

develop a

contemporaneous

hydrologic record.

carbon isotope analysis with trace metal analysis, we can more fully

characterize climatic conditions in the region before, during, and af-
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Figure 27: The rising limb of boreal summer insolation (gray) and CO2 (bot-
tom, black) (Petit et al., 1999) is broadly paralleled by Lehman
Caves δ18O in red (Shakun et al., 2011), purple (Lachniet et al.,
2014), and blue (this study). Great Basin cave records appear to
be largely decoupled from H11 (green bar), which is associated
with Weak Monsoon Interval II (WMI II dry conditions) in Chi-
nese speleothems (top, green and black) (Cheng et al., 2009; Wang
et al., 2008). Younger Heinrich stadials are associated with lake
highstands and increased freshwater inputs in the Great Basin
(McGee et al., 2012; Munroe and Laabs, 2013b) and increased con-
tributions of winter precipitation in the American southwest (As-
merom et al., 2010; Wagner et al., 2010).

89



4.1 introduction

ter T-II, placing them in the context of changing climatic conditions

elsewhere in the world.

In addition to T-II, we report stable isotope data on two short growth

phases within MIS 5a (one at ∼84 ka and another between 82 and 81 ka).

At present, there are discrepancies among MIS 5a and 5c cave-based

oxygen isotope records at locations near Lehman Caves, notably be-

tween the Denniston et al. (2007) and the Lachniet et al. (2014) records.

Our data pertains to this discrepancy.

4.1.1 Site Description

Lehman Caves (39.01 N, 114.02 W) in Great Basin National Park

(GBNP) is an actively dripping, highly decorated cave in the eastern

Great Basin region, near the southwestern edge of paleolake Bon-

neville (Figure 26). Located in the eastern flank of the southern Snake

Range in a ridge of the Pole Canyon Limestone (PCL), Lehman Caves

is largely between 30 and 60 m below ground and the blasted-tunnel

entrance used by modern visitors is at an elevation of 2080 m. The Lehman Caves has

one natural entrance,

which is now

protected for use by

bats. A cave profile

is provided in

Chapter 1.

PCL comprises 5 members of alternating light and dark, thin to mas-

sive carbonate with minor quartzite and shaly units, and dolomite

has been identified in nearby ranges where this limestone crops out

(Drewes and Palmer, 1957).

Environmental conditions within the cave are stable year-round, at

100% relative humidity and 11.0°C, reflecting mean annual temper-

ature. A recent study by Paul and Thodal (2014) indicates that cave
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pool and spring water δ18O values are similar to the volume-weighted

mean annual precipitation δ18O values of ∼-15.5‰ (their Figure 4).

Groundwater recharge at Lehman Caves can therefore be attributed

to winter precipitation, which is sourced from storms tracking in from

the Pacific Ocean (Benson and Klieforth, 1989; Friedman et al., 2002a,b;

Paul and Thodal, 2014; Prudic and Glancy, 2009), with potentially mi-

nor amounts of summer precipitation (Paul and Thodal, 2014). Hy-

drologic communication between the cave and surface is rapid, on

the order of 1-4 weeks (Steponaitis et al., 2015).

4.2 materials and methods

4.2.1 Sample Collection and Preparation

WR-41 and IR-3 were collected, already broken, from the West Room Lehman Caves has

many broken

speleothems from

early development of

the cave for tourism

in the late 1800s and

early 1900s.

and Inscription Room of Lehman Caves, respectively. We prepared

them for subsampling by slicing in half along the growth axis and

polishing the cut faces. One half of each speleothem was set aside for

preservation at the National Park Service office in GBNP. The prepara-

tion, dating, and stable isotope subsampling of LC-2 are described in

Shakun et al. (2011). All procedures requiring drilling were performed

using a handheld drill with a 0.5 mm carbide bit.
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4.2.2 U-Th Dating and Age Modelling

Except for 4 exploratory dates (Figure 28, large pits), we drilled much

smaller samples (5-15 mg of powder) than is typical for speleothem

studies because of the relatively low growth rates of our stalagmites.

This strategy allowed us to drill within single stratigraphic layers as

thin as 1 mm. Forty sample powders were weighed, dissolved in 14N

HNO3 and spiked with a 233U/236U/229Th tracer, the concentration

of which was periodically calibrated against aliquots of HU-1 from

the University of Minnesota’s stock (Cheng et al., 2013). U and Th

were separated and purified following the iron co-precipitation and

cation exchange procedures of Edwards et al. (1987), and analyzed at

the University of Minnesota on the multi-collector Thermo-Finnigan

Neptune Inductively Coupled Plasma Mass Spectrometry using peak-

jumping routines on the SEM. Despite our small sample sizes of

0.81 – 7.90 ng of 238U (3.20 ng 238U on average), we maintained rel-

atively high analytical precision due to high (>1%) ionization and

transmission efficiencies. Raw data were corrected with instrumen-

tal background, tailing, yield, procedural blank data, and an initial

230Th/232Th atomic ratio of 4.4 x 10
-6 ± 2.2 x 10

-6. This ratio repre-

sents a material at secular equilibrium with a bulk earth 232Th/238U

value of 3.8. After an early period of somewhat higher procedural More procedural

blank data can be

found in

Appendix G.

blanks, we thoroughly cleaned all teflonware and attained average

blank values of 70 ± 6 ag 234U, 0.9 ± 0.2 pg 238U, 26 ± 9 ag 230Th,

and 0.3 ± 0.1 pg 232Th. Blank corrections are well within analytical
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(2σ) dating errors, which are on the order of 0.7 – 2.2%, even with our

small sample sizes.

Age models were constructed using OxCal version 4.2 (Ramsey,

1995; Ramsey and Lee, 2013). Among our forty samples we had four

pairs of replicates. Each pair is represented in the age models as a

single age control point having the pair’s mean age and quadratically

combined error. Of the remaining thirty two dates, one from WR-41

and two from IR-3 were discarded to resolve age reversals with non-

overlapping error bars, as was an additional date from WR-41 that

was significantly younger than surrounding ages. Separate age mod-

els were calculated for each growth interval using the P_Sequence Bayesian analysis

with the bare

minimum date

pruning was

performed to create

objective age models.

method and a variable k parameter of 0.01 mm-1 ± 2 orders of mag-

nitude to allow OxCal to determine the flexibility and ultimately the

slopes of the age models.

4.2.3 Stable Isotopes

A total of 352 samples from WR-41 and IR-3 weighing approximately

100 µg each were extracted at a 0.5 mm interval. Drilling was per-

formed along the growth axis, except in those areas of WR-41 which

contain a complicated stratigraphy, where we drilled off to the side.

Our transitions to the growth axis are inspected via 1.5 – 5.5 mm

of replication and a Hendy test to attempt to assess disequilibrium

crystallization (Hendy, 1971). Sample powders were analyzed at the

University of Arizona, Tucson, on a Finnigan MAT 252 gas-source iso-
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tope ratio mass spectrometer after dissolution in an attached KIEL-II

automated carbonate preparation device. Analytical (2σ) uncertainties

for δ18O and δ13C values are approximately ± 0.22‰ and ± 0.16‰,

respectively.

4.2.4 Trace Elements

Along our stable isotope drill transects in WR-41 and IR-3 and the

growth axis of LC-2, we recovered 203 1 – 2 mg samples. Subsam- Samples in the 84 ka

and 82 – 81 ka

growth phases of

WR-41 were

collected but not

analyzed.

pling resolution is 1 – 2 mm in WR-41 and IR-3, and 5 – 10 mm in LC-

2. At MIT, 1 mg of each sample was dissolved in 8N HNO3, diluted

to ∼0.05% Ca in 0.5 M HNO3, and analyzed for 25Mg, 26Mg, 43Ca, 86Sr,

and 87Sr on a Thermo VG PQ2+ quadrupole mass spectrometer. Gravi-

metric Mg-Ca-Sr standards with similar Ca concentrations were run

every 10 samples to monitor relative sensitivity for Mg, Ca, and Sr and

calculate the Mg/Ca and Sr/Ca sample ratios. Elemental ratios in the

standards varied by <10% throughout each run. Raw data were cor-

rected for procedural blanks and instrument background. Analytical

uncertainties for elemental ratios are <2%, and mean reproducibility

of ratios in replicate samples measured on separate days is better than

10%.

94



4.3 results

4.2.5 Mineralogy

To constrain the mineralogy of our speleothems, approximately 1 – 2

mg of powder was drilled from a total of 5 points in WR-41 and IR-3.

The samples were analyzed at the University of Minnesota Character-

ization Facility on a Bruker-AXS Microdiffractometer for a minimum

of 300 seconds/sample. Phase matching to diffraction peaks was per-

formed using JADE 2010 software.

4.3 results

4.3.1 U-Th Dating and Mineralogy

We present chronologies from four periods of time: 139.0 ± 1.0 – 129.2

± 1.1 ka, 123.1 ± 0.2 – 122.8 ± 0.2 ka, 84.3 ± 0.2 – 84.0 ± 0.3 ka, and

82.4 ± 0.3 – 81.3 ± 0.3 ka (Figure 28, Figure 29). These chronologies

were assembled using a total of thirty-two age control points, includ-

ing four points representing replicate analyses (table 1). Four dates

were not used due to their anomalous ages. Anomalously old sam- Our record has

multiple

stratigraphic

reversals, but most

are within error.

ples may potentially be explained by: open-system behavior causing

the preferential leaching of uranium, thorium being insoluble in most

natural surface waters (Ivanovich and Harmon, 1982); greater initial

230Th (i. e.,, significant detrital material) than accounted for in our cor-

rection (Dorale et al., 2004); or sample contamination with older or

younger material forming hiatuses. For the anomalous date at the top
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of oldest growth phase in WR-41, we favor the last explanation. Pre-

cise hand-drilling is difficult and we attempted to date the material

immediately below a hiatus. Increased initial 230Th is unlikely to be

a problem due to the age of our speleothems (Dorale et al., 2004),

as it would have partially decayed, and the 230Th/232Th ratios in our

anomalously old samples are high, indicating low detrital content,

and are consistent with other samples. The anomalous dates in IR-

3 may be a result of localized open system behavior. Unusually, we

obtained an anomalously young date in WR-41 (seen in Figure 28 as

the large dating pit near the bottom of the stalagmite). Geochemical

behaviors typically result in the appearance of greater age; this partic-

ular sample may intersect younger layers deeper in the stalagmite.

The oldest portion of our chronology is partially replicated in our

newly analyzed speleothems, IR-3 (131.5 ± 0.8 – 129.2 ± 1.1 ka) and

WR-41 (139.0 ± 1.0 – 129.8 ± 0.6 ka) and in LC-2 (133 – 128 ka).

Growth rates are low during this time interval, varying between 0.9

and 33.5 µm/yr with an average of 19.3 µm/yr in WR-41, and in IR-3

ranging from 0.2 to 14.0 µm/yr, with an average of 10.3 µm/yr. Ura-

nium concentrations are also low at this time, ranging between 140.4

and 380.0 ppb 238U in IR-3 and WR-41. No pattern or trend in 238U

concentration is apparent, but in WR-41 and LC-2, a marked increase

in δ234Uinitial begins around 131 – 130 ka, rising from respective base- δ
234Uinitial likely has

a hydrological basis,

discussed in

Section 4.4.2.

lines around 250‰ and 200‰ to peak at 433.5‰ and 387.2‰. In IR-3,

δ234Uinitial increases, from 391.3‰ to a brief peak at 551.6‰ imme-

diately before the end of the growth phase, which has a δ234Uinitial of
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Figure 28: Age models and high-resolution scan of WR-41. The depth scale of the plot is calibrated
to match the image. Growth phase age models calculated from dates shown in green are
represented by black lines with purple error envelopes. The slopes of our age models
are determined by the model rigidity set by OxCal using a small k parameter of 0.01

mm-1 ± two order of magnitude (increasing k increases rigidity). Dates indicated in
orange were not used in age models, due to significant disagreement with surrounding
ages. Data from this stalagmite, WR-41, is distinguished throughout this paper by green
coloration and/or circular markers.

445.4‰. Micro-XRD analysis indicates that IR-3 and the oldest growth

phase of WR-41 are both calcite.
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4.3 results

Figure 29: High resolution scan and age model of IR-3. The depth scale of the plot is calibrated
to match the image. The age model for the large main growth phase is constructed
similarly to those of WR-41 (Figure 28). Dates not used in the model are significantly
older than those shown in blue and are thus not included on the plot. Data from IR-3
is distinguished throughout this paper by blue coloration and/or triangular markers.
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Table 2: The uncertainties quoted are ±2σ.
* δ234Umeas. = ([234U/238U ]activity - 1) × 1000

** δ234Uinitial was calculated based on 230Th age (T), i. e., δ234Uintial = δ234Umeasured × eλ234T

Decay constants are λ230 = 9.17052 × 10
-6y-1, λ234 = 2.82206 × 10

-6y-1, λ238 = 1.55125 × 10
-6y-1

Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4 × 10
-6 ± 2.2 × 10

-6; those are the values for
a material at secular equilibrium with the bulk earth 232Th/238U value of 3.8. 230Th ages (in kyr BP, where present is
the year 1950) are indicated in bold.
In the 238U (ng) column, dashes denote exploratory dates for which much larger (>50 mg) powders were drilled.
Dates with the same depths are replicates; depths with asterisks indicate rejected dates.

Depth 238U 238U 232Th δ234U * 230Th/238U
230Th Age 230Th Age

δ234Uinitial **(kyr) (kyr BP)
(mm) (ppb) (ng) (ppt) (meas.) (activity) (uncorr.) (corrected) (corrected)

WR-41

6.0 807± 1.8 4.20 727± 27 325.3± 2.4 0.7121± 0.0038 80.8± 0.7 80.7± 0.7 408.7± 3.1

6.5 530± 2.4 - 690± 14 336.8± 3.4 0.7235± 0.0034 81.6± 0.6 81.5± 0.6 424.0± 4.3

10.0 661± 0.8 5.22 1771± 39 342.7± 1.7 0.7329± 0.0024 82.5± 0.4 82.4± 0.4 432.6± 2.2

18.0 522± 1.1 2.92 5394± 111 324.6± 2.4 0.7187± 0.0040 81.8± 0.7 81.7± 0.7 408.9± 3.1

20.0 426± 0.5 4.13 1617± 35 383.9± 1.7 0.7688± 0.0028 84.4± 0.5 84.3± 0.5 487.0± 2.3

22.0 438± 1.6 - 1089± 22 402.6± 3.1 0.7789± 0.0031 84.2± 0.6 84.1± 0.6 510.5± 4.0

23.0 688± 1.4 4.33 1787± 41 426.9± 2.3 0.7932± 0.0041 84.2± 0.7 84.1± 0.7 541.3± 3.0

24.0 786± 1.6 4.40 611± 24 205.7± 2.0 0.8345± 0.0040 122.3± 1.1 122.2± 1.1 290.5± 3.0

26.0 836± 1.3 5.27 1967± 44 209.1± 1.8 0.8463± 0.0030 124.7± 0.9 124.5± 0.9 297.2± 2.7

26.0 844± 1.3 5.57 1918± 43 205.8± 2.0 0.8437± 0.0060 124.7± 1.6 124.5± 1.6 292.5± 3.1

30.0 718± 0.8 7.90 5134± 104 223.9± 1.6 0.8550± 0.0022 123.9± 0.7 123.6± 0.7 317.5± 2.3

46.0 892± 1.2 7.05 2365± 50 198.9± 1.5 0.8303± 0.0024 122.5± 0.7 122.4± 0.7 281.1± 2.2

74.0 547± 2.4 - 773± 16 204.2± 3.1 0.8371± 0.0043 123.2± 1.3 123.1± 1.3 289.2± 4.5

74.5 754± 1.6 4.37 1293± 33 195.5± 2.0 0.8283± 0.0038 122.7± 1.1 122.6± 1.1 276.3± 3.0
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Table 2: Uranium-thorium dating results continued...

Depth 238U 238U 232Th δ234U * 230Th/238U
230Th Age 230Th Age

δ234Uinitial **(kyr) (kyr BP)
(mm) (ppb) (ng) (ppt) (meas.) (activity) (uncorr.) (corrected) (corrected)

76.0 * 333± 0.6 1.90 277± 21 295.9± 2.5 0.9573± 0.0055 135.3± 1.5 135.2± 1.5 433.5± 4.1

77.0 218± 0.6 - 194± 4 275.1± 2.7 0.9183± 0.0028 129.7± 0.9 129.6± 0.9 396.6± 4.0

79.0 313± 0.4 3.38 266± 12 246.2± 1.8 0.9000± 0.0035 131.0± 1.0 130.9± 1.0 356.4± 2.8

80.0 243± 0.6 1.39 190± 21 234.7± 3.5 0.8874± 0.0074 130.1± 2.1 130.0± 2.1 338.8± 5.4

80.0 243± 0.5 1.39 168± 21 232.3± 3.2 0.8878± 0.0071 130.8± 2.0 130.7± 2.0 335.9± 5.0

83.0 298± 0.5 1.82 663± 23 155.5± 2.2 0.8210± 0.0052 129.5± 1.6 129.4± 1.6 224.1± 3.3

85.0 229± 0.6 1.35 426± 22 148.9± 3.4 0.8231± 0.0073 131.7± 2.3 131.6± 2.3 215.9± 5.1

86.0 167± 0.4 1.00 121± 20 149.2± 3.7 0.8330± 0.0092 134.7± 3.0 134.6± 3.0 218.1± 5.7

87.0 286± 0.7 1.69 840± 26 159.6± 3.3 0.8370± 0.0063 133.3± 2.1 133.1± 2.0 232.4± 4.9

91.0 258± 0.5 1.50 655± 24 165.3± 2.6 0.8573± 0.0059 138.0± 2.0 137.9± 2.0 243.9± 4.0

96.0 260± 0.5 1.59 750± 25 164.0± 2.7 0.8504± 0.0057 136.2± 1.9 136.1± 1.9 240.9± 4.2

113.0 320± 0.6 1.70 525± 24 170.2± 2.3 0.8621± 0.0056 138.2± 1.9 138.1± 1.9 251.4± 3.7

119.0 333± 0.6 2.23 601± 21 169.8± 2.4 0.8555± 0.0054 136.3± 1.7 136.2± 1.7 249.5± 3.7

119.0 318± 0.5 2.58 560± 18 172.5± 2.1 0.8568± 0.0043 136.0± 1.4 135.9± 1.4 253.2± 3.2

140.0 344± 0.4 3.92 1665± 35 169.4± 1.8 0.8549± 0.0032 136.2± 1.1 136.0± 1.1 248.8± 2.8

141.0 380± 0.6 2.93 991± 25 170.5± 2.1 0.8520± 0.0044 135.1± 1.4 134.9± 1.4 249.5± 3.3

142.0 * 208± 0.4 - 1014± 20 179.6± 9.6 0.8528± 0.0021 133.1± 2.4 132.9± 2.4 261.4± 14.1

151.0 318± 0.5 2.16 4254± 87 173.5± 2.0 0.8699± 0.0050 139.8± 1.7 139.4± 1.7 257.2± 3.1

IR-3

1.5 140± 0.4 0.81 537± 23 312.3± 5.7 0.9327± 0.0120 125.8± 3.1 125.7± 3.1 445.4± 9.0

2.0 * 189± 0.2 2.66 506± 11 321.1± 2.0 1.1542± 0.0040 191.7± 1.8 191.6± 1.8 551.6± 4.4
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Table 2: Uranium-thorium dating results continued...

Depth 238U 238U 232Th δ234U * 230Th/238U
230Th Age 230Th Age

δ234Uinitial **(kyr) (kyr BP)
(mm) (ppb) (ng) (ppt) (meas.) (activity) (uncorr.) (corrected) (corrected)

3.0 189± 0.4 1.42 136± 16 305.2± 3.2 0.9443± 0.0087 130.0± 2.3 130.0± 2.3 440.4± 5.4

3.0 197± 0.5 1.30 126± 18 306.5± 3.8 0.9471± 0.0080 130.5± 2.1 130.4± 2.1 442.9± 6.1

8.0 195± 0.3 2.59 1042± 23 295.8± 2.1 0.9427± 0.0045 131.5± 1.2 131.4± 1.2 428.7± 3.4

16.0 195± 0.3 2.67 331± 11 279.7± 1.9 0.9254± 0.0044 130.5± 1.2 130.4± 1.2 404.2± 3.1

19.0 * 188± 0.2 2.50 237± 5 274.3± 1.9 0.9863± 0.0033 148.7± 1.1 148.6± 1.1 417.3± 3.2

22.0 180± 0.3 1.03 375± 22 270.3± 4.6 0.9205± 0.0091 131.2± 2.6 131.1± 2.6 391.3± 7.3
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The younger periods (123, 84, and 82 – 81 ka) we present here are

each represented by one growth phase in WR-41. The growth pe-

riod around 123 ka is characterized by relatively high growth rates

and 238U concentrations, on average 185 µm/yr and 768 ppb. The

δ234Uinitial ranges between 276.3‰ and 317.5‰. This phase consists

of Mg-calcite; we were unable to find any traces of aragonite. The in-

tervals at 84 ka and 82 – 81 ka have slow growth (5 – 21 µm/yr) and

high δ234Uinitial values (408 – 541‰) and uranium concentrations (426

– 807 ppb).

4.3.2 Stable Isotopes

Oxygen isotope values in WR-41 and IR-3 range from -14.3‰ to -

10.0‰ (VPDB) as shown in Figure 30. In WR-41, δ18O values average

-13.5‰ until 136 – 135 ka, when they begin a steady rise to a peak

of -10.6‰ around 129.8 ka. This rise is largely replicated in IR-3 and δ
18O follows boreal

summer insolation.the previously published LC-2 record (Shakun et al., 2011). Our total

range in δ13C values is approximately 8‰. In WR-41, δ13C values are

low throughout much of the record, reaching a minimum value in our

replicated segment of -8.4‰ (on-axis) at 131 ka then rapidly rising to

a maximum of -0.1‰. The rise in IR-3 δ13C values from -6.0‰ to

-0.3‰ occurs within error at the same time as observed in WR-41.

At 123 ka, δ18O and δ13C values are highly variable, ranging from

-14.5‰ to -11.3‰ and from -7.4‰ to -3.3‰, respectively. At 84 ka

δ18O values average -12.1‰, distinctly heavier than δ18O values in
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the younger phase (82 – 81 ka), which have a mean of -13.5‰. δ13C

values are more similar, and range between -3.4 to -6.5‰. The stable

isotope trends in LC-2 are described in Shakun et al. (2011). δ18O and

δ13C values are moderately to poorly correlated (r2 <0.4 in IR-3, r2

<0.1 in WR-41) in both new stalagmites and growth phases except in

WR-41 at 82 – 81 ka where r2 = 0.45. Values in our Hendy test (Hendy,

1971) transect varied by less than 0.6‰ in both δ18O and δ13C and

were not significantly correlated (r2 = 0.31) with each other or with

distance from the growth axis (δ13C-distance r2 = 0.22, δ18O-distance

r2 = 0.01).

The efficacy of Hendy tests at revealing isotope disequilibrium Hendy tests have

significant problems;

the Replication test

is a better barometer

of reliability.

in speleothems, however, has come under criticism. Sampling along

a single stratigraphic horizon is problematic, different equilib-

rium/disequilibrium conditions may dominate at different points

along the growth horizon, and if carbon and oxygen isotopes are re-

sponding to the same controls, then a high correlation is likely. As it

turns out, Hendy also proposed a replication test, a strategy follow

in early studies by Dorale et al. (1998); Wang et al. (2001). Dorale and

Liu (2009) discuss the Hendy and Replication Tests and argue that

the Replication Test is the more robust of the two. As the δ18O, δ13C,

and trace elements (discussed below) of our new speleothems and

LC-2 largely replicate each other in both magnitude of variations and

absolute values, and the timing of these variations are within error,

we find it unlikely that our speleothem records have been drastically

altered by disequilibrium effects or vadose-zone processes.
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Figure 30 (previous page): Results from stable isotope (δ18O, δ13C) and trace
element (Mg/Ca, Sr/Ca) analysis and U-Th dating
(ages and δ234Uinitial) of IR-3 (blue triangles), WR-
41 (green circles), and LC-2 (red squares). Stable
isotope data and U-Th dating results from LC-2
were originally published in Shakun et al. (2011).
LC-2 data is distinguished throughout this paper
by red coloration and/or square markers. Age con-
trol points from WR-41 and IR-3 are shown at the
bottom of the panel.

4.3.3 Trace Elements

In WR-41, our Mg/Ca record (Figure 30) is characterized by an

abrupt increase around 130 ka from ratios ranging between 2.1 to 4.5

mmol/mol to a peak of 8.5 mmol/mol. A similar increase is seen in All of our

speleothems show

(abruptly) increasing

trace element ratios

between 130 and 128

ka.

LC-2 around 129 ka, reaching a maximum of 9.6 mmol/mol. Mg/Ca

ratios in IR-3 appear to replicate those in LC-2 and WR-41 before

their abrupt increases. High Sr/Ca values in LC-2 and WR-41, up to

39 µmol/mol, are recorded around 130 to 129 ka. Both speleothems

also have a period of similarly high Sr/Ca after initiation of growth.

In WR-41, this period lasts from about 139 to 135 ka; in LC-2, this

occurs between 134 and 132 ka, at the same time that WR-41 records

its lowest Sr/Ca ratios (a minimum of 18.3 µmol/mol). Sr/Ca in IR-3

positively trend over a range from 24.7 to 36.1 µmol/mol.
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4.4.1 Interpretation of δ18O

Our Lehman Caves δ18O record replicates the 2‰ rise in speleothem

δ18O values that Shakun et al. (2011) observed between ∼133 and

129 ka, as well as (within error) the lead-up to and the initiation of

this rise, captured by Lachniet et al. (2014) in other Lehman Caves Our δ18O record of

T-II replicates other

Great Basin

speleothem records.

speleothems. This increase in δ18O values has been interpreted in

terms of both regional air temperature and moisture source change

(Denniston et al., 2007; Lachniet et al., 2014). Previous speleothem

studies from the Great Basin and the southwestern United States

(Asmerom et al., 2010; Denniston et al., 2007) have derived net tem-

perature dependencies of 0.25 – 0.35‰/°C, based on a mid-latitude

air temperature– precipitation relationship of 0.5 – 0.69‰/°C (Dans-

gaard, 1964) and a calcite-water oxygen isotope temperature depen-

dent fractionation of ∼-0.2‰/°C. If all of our approximately 3.5‰ in-

crease in δ18O values is due to temperature change, this corresponds

to a temperature rise of 10 – 14°C. A wide range of possible rela-

tive Great Basin paleotemperatures during glacial conditions has been

suggested, from 3 to 12°C lower than modern MAT (Hostetler and

Benson, 1990; Kaufman, 2003; Quade et al., 2003); we note that MIS 5e

was globally ∼2°C warmer than today (Rohling et al., 2008). Our δ18O Great Basin

speleothem δ18O is

consistent with

temperature change.

signal may track glacial to interglacial temperature change. However,
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although temperature alone may explain our signal, we cannot rule

out a moisture source effect.

Typically, moisture source in the Great Basin is invoked as a change

in the latitude of moisture origin of winter Pacific storms (Friedman

et al., 2002a; Lachniet et al., 2014), though some studies indicate this

relationship may be obscured by intrabasin recycling effects (Ingra-

ham and Taylor, 1991). Most of the northern Great Basin, including

Lehman Caves, receives about 20% of its annual precipitation during

the summer (Douglas et al., 1993; Xie and Arkin, 1997); this precipita-

tion is dominantly small-scale convection and is not connected to the

North American summer monsoon (Higgins et al., 1997). Approach-

ing the end of T-II, however, summer insolation was higher than to-

day, and it is possible that an increased land-sea temperature gradi-

ent in boreal spring and early summer led to northward movement

of isotopically heavy summer precipitation associated with the North

American Monsoon originating from the tropical Pacific and Gulf of

California. . Alternatively, a disintegrating ice sheet may have allowed δ
18O may include a

precipitation

seasonality

component.

the polar jet stream to shift northwards, decreasing the winter precip-

itation component. In each case, increasing δ18O values would reflect

changes in both temperature and precipitation seasonality.

Detailed back trajectory and moisture uptake analysis coupled with

experimental and modelled precipitation isotopes will assist in under-

standing the role of moisture source and seasonality in Great Basin

precipitation δ18O. Relevant to this discussion, a recent simulation of

the impact of precessional changes on precipitation and precipitation
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δ18O values using an isotope-enabled atmospheric general circulation

model found a decrease of >1‰ in the annual mean δ18O value of

precipitation in the southern and central Great Basin associated with

greater Northern Hemisphere summer insolation at 218 ka relative to

207 ka (Battisti et al., 2014). As this insolation difference is only ∼25%

greater than that occurring across T-II, the model results suggest that a Comparisons of

model results and

paleoclimate archives

are critical for

understanding and

overcoming the

limitations of each.

similar drop in precipitation-weighted δ18O values may have occurred

during T-II due to increasing boreal summer insolation. Such a drop in

precipitation δ18O values appears hard to reconcile with speleothem

δ18O changes during T-II, requiring an unrealistically large rise in

cave temperature to generate the observed rise in speleothem δ18O

if precipitation δ18O was simultaneously falling. As the model does

not include ice volume changes, the results do not rule out deglacial

changes in Great Basin δ18O related to ice sheet effects on precipita-

tion seasonality.
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Figure 31 (previous page): Panel 1: Comparison of Lehman Caves records
with regional and global records (Andersen et al.,
2004; Cheng et al., 2009; Coplen et al., 1994; Den-
niston et al., 2007; Lachniet et al., 2014; Petit et al.,
1999; Winograd et al., 1992; Wang et al., 2008).
Panel 2: Zoomed-in view of dashed box in panel 1,
showing the remarkable antiphasing between the
Asian monsoon record (Cheng et al., 2009; Wang
et al., 2008) and the Lehman Caves Mg/Ca record.
Panel 3: Lehman Caves (blue), Leviathan Cave (pur-
ple), and Goshute Cave (green) speleothem records
from dotted box in panel 1, plotted on same axis.
In both panel 1 and panel 3 , gray curves indi-
cate original data. In panel 1, Goshute and Lehman
Caves records are sea water corrected only; in
panel 3 the colored curves are additionally cor-
rected to Leviathan Cave drip water (Lachniet et al.,
2014). This procedure does not bring Lehman and
Goshute Caves δ18O values completely into line
with Leviathan Cave δ18O values; Devils Hole δ18O
values are also relatively low at this time (panel 1).
Our correction factors are +0.32 and +1.03‰ for
Lehman and Goshute Caves.

As for the youngest parts of our record, ∼84 ka and ∼82 – 81 ka,

the older interval appears to capture the later part of the increase in

δ18O values at the end of the Goshute Cave (Figure 26) δ18O record

associated with Dansgaard-Oeschger (D-O) event 21 (Denniston et al.,

2007), as shown in Figure 31. Neither our record nor the Goshute Great Basin

speleothems record

discrepancies

between 84 and 81

ka.

Cave record at this time replicates the contemporaneous portion of

the Lachniet et al. (2014) record from Leviathan Cave (Figure 26). Ap-

plying the Leviathan Cave dripwater correction (Lachniet et al., 2014)

to both Lehman and Goshute Caves’ δ18O values (Figure 31, panel 3),

neither curve is brought completely into line with the Leviathan Cave

record. Lehman and Goshute Caves’ δ18O values are 1 – 5 ‰ lighter,

except for the Lehman Caves δ18O values at 84 ka. The Leviathan
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Cave speleothem dripwater correction also cannot reconcile the dif- For more on sea

water correction and

dripwater correction,

see Appendix H and

Section D.3.

ference in curve shape between 84 and 81 ka, when our δ18O values

decrease and Leviathan Cave values rise. We observe that Devils Hole

δ18O values (Winograd et al., 1992) are similar to Goshute Cave δ18O

values around this time, around -16‰, though Devils Hole is at a

lower latitude than Leviathan Cave Figure 26. This is probably due to

the relatively high tmeperatures of calcite precipitation at Devils Hole

(Coplen, 2007).

4.4.2 Interpretation of Trace Elements and δ13C

Mg/Ca and Sr/Ca ratios have often provided a perspective on hydro-

logical and environmental conditions that is complementary to δ18O

records (Cruz et al., 2007; Orland et al., 2014; Roberts et al., 1998; Tan

et al., 2014). Speleothem trace element chemistry reflects drip water

geochemistry, which is controlled by a number of factors that can

be briefly stated as 1) water-soil-rock interactions 2) amount of prior

calcite precipitation (PCP) in the epikarst or the cave above the drip

site and 3) mixing of groundwaters with different residence times

and/or flow paths (Fairchild et al., 2000; Tremaine and Froelich, 2013).

Understanding which factors influence drip water trace elements re-

quires analysis on a cave-by-cave and a stalagmite-by-stalagmite basis.

Steponaitis et al. (2015) examined soil water and drip water geochem-

istry at Lehman Caves, and found that while changes in soil geochem-

istry and groundwater mixing are unlikely to be the dominant con-
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trols on our trace element ratios, variations in Mg/Ca and Sr/Ca fit

a PCP paradigm. Progressive enrichment in dripwater trace element

concentration with greater PCP occurs along a constant Mg/Sr slope,

as Mg and Sr have distribution coefficients less than one and therefore

preferentially remain in solution during calcite precipitation (Day and

Henderson, 2013). Recent studies indicate that this slope depends on

initial Mg and Sr dripwater compositions set by water-soil-rock in-

teractions (Tremaine and Froelich, 2013). As such, Mg/Sr is likely

to vary within a single cave as well as geographically, since differ-

ent speleothems receive dripwater sourced from different flow paths

through the epikarst, but similar signs and timing of changes are ex-

pected.

Observations of Mg/Ca and Sr/Ca in conjunction with δ13C can

lead to a more conclusive diagnosis of the likely drivers of both

proxies. Controls on δ13C values include hydrologic and biologic fac- Controls on δ13C are

complicated and can

be highly

site-specific.

tors. One potential mechanism is PCP. During calcite precipitation,

degassing of CO2 preferentially releases 12C, leading to δ13C enrich-

ment (Johnson et al., 2006). Longer water residence times or changes

in the mode (open vs. closed) of host rock (δ13C value of ∼0‰) dis-

solution may also lead to enriched δ13C values (Genty et al., 2001a;

Hendy, 1971). δ13C values may also be elevated via changes in veg-

etation density and soil respiration rates (Baldini et al., 2005; Hell-

strom et al., 1998) or soil-water residence times (Baker et al., 1997), as

low density and short residence times can increase the proportion of

isotopically heavier atmospheric CO2 in seepage water (Genty et al.,
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2001a; McDermott, 2004). However, wetter conditions with higher in-

filtration rates would be associated with lower trace elemental ratios,

particularly Mg/Ca, rather than the higher values that we observe.

Although Hellstrom et al. (1998) observed a magnitude of carbon iso-

topic change similar to ours (∼10‰ compared to ∼8‰), the dramatic

shift in vegetation density required is highly unlikely to have ever

occurred here. Changes in vegetation type (C3 vs C4) (Dorale et al.,

1992) are also unlikely. Pollen and midden evidence indicates that C3

plants have dominated this region for at least the last 40 kyrs (Madsen

et al., 2001). Although we cannot completely rule out contributions to

our δ13C signal from soil respiration changes and greater water-rock

interaction, the magnitude of our signal and its similarity with our

trace element ratios, particularly Mg/Ca, suggest that the major δ13C

variations in our record are driven by changes in the ammount of CO2

degassing and calcite precipitation . δ
13C values Lehman

Caves in speleothems

are largely controlled

by PCP.

Enhanced prior calcite precipitation may be driven by CO2 varia-

tions and ventilation within the cave environment, but PCP is most

often associated with wet-dry variability (Johnson et al., 2006). Dur-

ing dry periods, water residence time is increased, drip rates are de-

creased, and dry pockets within the epikarst may exist, yielding time

and opportunity for degassing in the epikarts and a higher proportion

of calcite to precipitate before reaching the stalagmite (Fairchild et al.,

2000). At Lehman Caves, modern dripwater Mg/Ca and Sr/Ca ratios

shows high covariability, indicating that PCP is likely the dominant

control on modern dripwater trace metals (Steponaitis et al., 2015).
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Figure 32: Trace element data from IR-3 (triangles), LC-2 (squares), and WR-
41 (circles) plotted in Sr/Ca vs. Mg/Ca space and colored accord-
ing to age. The darkest red color is included for samples from
WR-41 dating to ∼123 ka. The blue, red, and green lines are whole-
stalagmite trend lines of Mg/Ca and Sr/Ca in IR-3, LC-2, and
WR-41, respectively; also shown are their r2 values (p <0.005).
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Figure 33: Mg/Ca (left) and Sr/Ca (right) against δ13C. Color and symbology are identical to that
of Figure 32. In the left panel, for IR-3 and WR-41 p <0.002; for LC-2 p = 0.333. In the
right panel, p = 0.0001, 0.025, and 0.864 for IR-3, WR-41, and LC-2, respectively.
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In Figures 32 and 33, we examine the whole-rock covariations in

WR-41, IR-3, and LC-2 among δ13C, Mg/Ca, and Sr/Ca. These are All plots and maps

in this thesis are

programmatically

created using

Python’s core

plotting library,

matplotlib.

generally poor (r2 <0.4), except in IR-3. It is possible that growth rate

effects may exert an influence on Sr/Ca in our samples, particularly

in WR-41 (r2 = 0.45), which experienced large changes in growth rate.

Some studies have found enhanced Sr/Ca with increased growth rate

(Fairchild and Treble, 2009; Tan et al., 2014), suggesting that above an

instantaneous rate of 0.5 mm/year Sr/Ca will primarily reflect growth

rate (Fairchild and Treble, 2009). Other studies have reported no effect

of growth rate on Sr/Ca (Cruz et al., 2007; Day and Henderson, 2013;

Treble et al., 2003).

In Figure 34 we inspect two distinct periods of growth in WR-41,

131 – 129 ka and 139 – 135 ka, in order to further examine the tempo-

ral variations in our trace element and δ13C relationships. In the older

period, Mg/Ca covaries with neither δ13C nor Sr/Ca. In stalagmites

spanning the end of the last deglaciation and the early Holocene from

Lehman Caves, Steponaitis et al. (2015) observe a similar lack of cor-

relation between Mg/Ca and Sr/Ca before a significant drying event

beginning at 8.2 ka. The authors suggest that variations in Sr inputs Interpreting Sr/Ca

must account for

complicating

geochemical factors.

from Sr-rich dust, a reduced sensitivity to PCP due to the order of

magnitude greater distribution coefficient of Sr, or a combination of

both factors may play a role. In contrast, Mg/Ca is significantly cor-

related with both Sr/Ca (r2 = 0.50, p = 0.015) and δ13C (r2 = 0.81, p =

0.0002) between 131 and 129 ka, similar to what we see in IR-3 (∼128.8

– 131.5 ka). This is diagnostic of PCP control on groundwater trace el-
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Figure 34: Correlations between Mg/Ca and Sr/Ca, Mg/Ca and δ13C in sample WR-41 for in-
tervals around the beginning (blue) end (orange) of Heinrich Stadial 11. Mg/Ca and
Sr/Ca (upper panels) are significantly correlated between 129 and 131 ka (r2 = 0.50, p =
0.015) but not between 135 and 139 ka (r2 = 0.02, p = 0.435). Mg/Ca and Sr/Ca (upper
panels) are significantly correlated between 129 and 131 ka (r2 = 0.50, p = 0.015) but not
between 135 and 139 ka (r2 = 0.02, p = 0.435). Mg/Ca and δ13C (lower panels) are simi-
larly related, significantly and strongly correlated in the younger period of interest (r2 =
0.81, p = 0.0002) but not in the older interval (r2 = 0.07, p = 0.143). We suggest the high
correlations between Mg/Ca and δ13C and Mg/Ca and Sr/Ca during the younger pe-
riod indicate increasing prior calcite precipitation, probably due to drying. Data point
color in the two right panels is on the same scale used in figures 5 and 6. Data from
WR-41 not inside the orange or blue boxes are shown as hollow gray circles.
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ement and carbon isotope compositions. At this time the LC-2 δ13C

(Shakun et al., 2011) does not change significantly and does not cor-

relate well with Mg/Ca. However the large increase in LC-2 Mg/Ca

actually postdates the portion of the speleothem that was sampled

for stable isotopes, so we do not, at present, have a good measure of

the relationship between Mg/Ca and δ13C in LC-2 at times when we

expect large changes in both.

Our interpretation is thus that wet conditions in this area persisted

at least until ∼131 ka. Abrupt drying occurred between 131 and 129 ka, δ
13C values and

Mg/Ca ratios record

abrupt increases in

PCP due to drying

between 131 and 129

ka.

as suggested by dramatic increases in δ13C values, Mg/Ca, and poten-

tially by the cessation in growth of all three of our speleothems imme-

diately afterwards. Taken as a whole, we suggest that these shifts in

Mg/Ca and δ13C values are due to increasing amounts of prior calcite

precipitation (PCP) at Lehman Caves.

Significant variations in moisture and cave paleohydrology are fur-

ther supported by δ234Uinitial values. As shown in Figure 30, δ234Uinitial δ
234Uinitial has a

hydrological basis.rises sharply, coincident with our increases in trace metal ratios and

δ13C values between 131 and 129 ka. Speleothem δ234Uinitial reflects

the 234U/238U disequilibrium of the water from which it formed (Hell-

strom and McCulloch, 2000). This disequilibrium arises from the ejec-

tion of 234U into solution via alpha recoil, or from the preferential

leaching of 234U from sites damaged by α-decay (Fleischer and Raabe,

1978; Ivanovich and Harmon, 1982; Osmond, 1980). High 234U may

be due to low infiltration rates, or dry conditions with infrequent wet-
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ting events, allowing 234U to accumulate to high abundances between

events (Ayliffe and Veer, 1988; Hellstrom and McCulloch, 2000).

4.4.3 Great Basin Paleoclimate and Paleohydrology

Our record of rising δ18O values between 134 and 129 ka clearly cor-

relates with the global atmospheric CO2 increase from ∼180 to 280

ppmv recorded in the Vostok ice core (Petit et al., 1999), with increas-

ing boreal summer insolation (Figure 31), and with the marine ter-

mination in the timescale proposed by Cheng et al. (2009). Thus, we

propose that our inferred increase in cave temperature is related to

atmospheric CO2 increase. Insolation increase could plausibly have δ
18O values track

temperature and

potentially

precipitation

seasonality changes.

enhanced the North American monsoon, resulting in a higher pro-

portion of summer rainfall, thereby contributing to the rising δ18O

values. It is also possible that the melting of the Laurentide ice sheet

itself could have affected both temperature and precipitation season-

ality, contributing to the rising δ18O values.

However, the abrupt decrease in effective precipitation inferred

from trace element data, δ13C values, and δ234Uinitial values is essen-

tially decoupled from the more gradual increase in temperature (and

possible change in precipitation seasonality) signaled by δ18O. The

effective precipitation at Lehman Caves remained high until ∼130 –

128 ka, as demonstrated by the small variability of δ13C and Mg/Ca

values prior to this time interval, followed by striking increases in

both during this window. Thus, the region experienced abrupt dry-
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ing, synchronous within dating uncertainties with the abrupt rise in Regional water

balance and

temperature are

decoupled during

T-II.

East Asian Monsoon intensity recorded in Chinese stalagmites and

taken to represent the end of Heinrich Stadial11 as shown in Figure 31

(Cheng et al., 2009; Wang et al., 2008). The anti-correlation between ef-

fective precipitation in the Bonneville Basin and monsoon intensity in

East Asia found during H11 in our record parallels the anti-correlation

between δ18O records from Hulu Cave stalagmites and δ18O in pre-

cisely dated Lake Bonneville carbonates during H2 and H1 (McGee

et al., 2012).

Increased precipitation in western North America during glacial in-

tervals has been attributed to a split or southerly shifted mean polar

jet stream position due to the influence of the Laurentide ice sheet

(Bromwich et al., 2004; Anderson et al., 1988). It has been suggested

that over shorter timescales, e.g. during Heinrich events, moisture de-

livery to the region was further enhanced via suppression of Atlantic

Meridional Overturning Circulation (AMOC) and strengthening of the

Aleutian Low (Chiang et al., 2014; Okumura et al., 2009). Studies of

modern instrumental data demonstrate this connection between At-

lantic conditions and North American climate (Enfield et al., 2001;

McCabe et al., 2004; Sutton and Hodson, 2005, 2007), indicating that Wet conditions

during H11

conforms to

observations of wet

conditions during

younger Heinrich

stadials.

colder Atlantic sea surface temperatures, which would occur during

AMOC suppression, lead to enhanced winter and summer precipita-

tion in the western United States. Enhanced effective precipitation

during Heinrich stadials is consistent with widespread reports of

Great Basin lake highstands clustering around H1 and H2 (McGee
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et al., 2012; Munroe and Laabs, 2013b). The decoupling of δ18O from

enhanced effective precipitation suggests that winter moisture source

may not have a significant role in the δ18O signal; instead we favor

temperature and perhaps a changing seasonality of precipitation as

the termination progressed.

Other Great Basin paleoclimate records suggest a similar decou- Our observations of

T-II are consistent

with observations of

T-I in the Great

Basin

pling between warming and hydrological changes during the last

deglaciation. For instance, glaciers in the American West exhibited

substantial retreat between the LGM and Bølling-Allerød (BA) (Shakun

et al., 2015), implying considerable summer warming across the H1

interval. The Leviathan Cave δ18O record also exhibits a general 5‰

enrichment from H1 to the early Holocene (Lachniet et al., 2014), rem-

iniscent of the gradual Lehman Caves δ18O shift across T-II. In con-

trast, Great Basin pluvial lakes tended to reach highstands during H1

(Munroe and Laabs, 2013b) followed by rapid regressions after the

event (Munroe and Laabs, 2013a). These T-I patterns thus mirror the

sequence we have identified over T-II, with an abrupt drying following

a Heinrich stadial and commencing several millenia after the onset of

a general warming trend.

Speleothem records from the Great Basin and southwestern US

also further illustrate the connection between the Great Basin and

North Atlantic and raise new questions. Wetter winter conditions are

recorded in a Cave of the Bells, Arizona speleothem during stadials

(Wagner et al., 2010). Another speleothem record from Fort Stanton

Cave, New Mexico, clearly captures the YD stadial and the last five
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Heinrich stadials, recording increased contribution of winter precip-

itation during stadials. In modern conditions, higher winter precip-

itation sourced from the Pacific is associated with higher mean an-

nual rainfall (Asmerom et al., 2010). In contrast, Feng et al. (2014) The opposite has

been argued, but

evidence generally

supports a wet YD

and Heinrich

stadials.

argue that the higher growth rates seen in the Fort Stanton record

and their Texas speleothems during the warm BA indicate that pre-

cipitation during this period was actually higher than during the YD

due to increased influx of isotopically-heavy moisture from the Gulf

of Mexico, and that even in Arizona the BA was wetter than is typi-

cally assumed. However, we note that the variability of growth rates

in the Fort Stanton and Cave of the Bells speleothems is extremely

low, ranging between 0 and 10 µm/yr, much lower than what is seen

in the Texas speleothems (up to ∼90 µm/yr during the BA) (Feng et al.,

2014). A study based on the growth histories of six speleothems from

several southern New Mexico caves does not support a wet BA, in-

dicating higher growth rates and thus wetter conditions during the

YD and slow/no growth during the BA (Polyak et al., 2004). In north-

ern Nevada, the Goshute Cave Figure 26 δ18O record appears to re-

spond strongly to North Atlantic events, specifically D-O events 23 –

21, recording increases in δ18O values during North Atlantic warming

that are interpreted as a change in temperature and perhaps moisture

source (Denniston et al., 2007). Our record fits in this framework, ap-

pearing to capture the peak of D-O event 21 and cooling afterwards.

Why Leviathan Cave (Lachniet et al., 2014) appears to be insensitive

to D-O events and captures the Younger Dryas stadial is unclear, as
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is why our Lehman Caves δ18O record and the Goshute Cave δ18O

record appear to respond to D-O events but not Heinrich stadials. It is There are

discrepancies among

Great Basin

speleothem records

in the response and

lack thereof to

different and

different types of

North Atlantic

climate events.

unlikely that recharge or evaporative effects may play a role in the el-

evated Leviathan δ18O values relative to Lehman and Goshute Caves

signals (Figure 31) during MIS 5c to 5a, as modern Leviathan Cave

drip waters fall along the meteoric water line. Meridional tempera-

ture gradients were greater than estimated by the Leviathan Cave

drip water correction due to the presence of a small Laurentide ice

sheet, but this only explains an offset, not the lack of response to D-O

events. This lack of regional reproducibility is problematic and ad-

ditional Great Basin speleothem studies are needed to address these

discrepancies. Further development of complementary proxies like

trace elements and δ13C in Great Basin speleothems, will promote

understanding of the local hydrologic and environmental contexts of

speleothem growth, perhaps shedding light on these discrepancies.

Additionally, such comprehensive studies will likely prove highly ad-

vantageous in creating a history of effective precipitation in the Great

Basin, particularly in times beyond the reach of radiocarbon dating,

and in understanding the controls on and global context of moisture

balance in this sensitive region.

4.5 conclusions

Past Great Basin speleothem records have used δ18O to investigate

large-scale atmospheric circulation changes associated with abrupt
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climate events such as glacial terminations and Dansgaard-Oeschger

events (Denniston et al., 2007; Lachniet et al., 2014; Shakun et al., 2011).

We replicated previous Great Basin δ18O orbitally consistent chronolo-

gies of T-II using speleothems from Lehman Caves and high-resolution

dating techniques and provided a novel and complementary record

of trace element variations supported by δ13C analyses. Our trace el- Our multiproxy

record provides an

unprecedented

multidimensional

look at T-II in the

Great Basin.

ement and δ13C records show wet conditions at Lehman Caves per-

sisted throughout H11 until ∼130 – 128 ka when abrupt drying oc-

curred, appearing to coincide with the end of H11 and driving Mg/Ca

and δ13C to significantly higher values (from ∼4 to 10 mmol/mol and

roughly -8‰ to 0‰) via greater prior calcite precipitation. Strength-

ening of the Aleutian Low during Heinrich stadials enhanced mois-

ture delivery to the region via the polar jet stream, which was south-

shifted to a mean position over the Great Basin and strengthened dur-

ing glacial conditions (Chiang et al., 2014; Okumura et al., 2009; Oster

et al., 2015). Rising temperatures, indicated by increasing δ18O values,

and the end of enhanced moisture, resulted in this abrupt drying,

synchronous with the end of H11. Teleconnections to North Atlantic

climate are further demonstrated by δ18O variations between ∼81 and

84 ka, which correlate with the peak of D-O event 21 and subsequent

cooling, consistent with most other regional speleothem responses to

these or similar events (Asmerom et al., 2010; Denniston et al., 2007;

Wagner et al., 2010).
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H I G H R E S O L U T I O N C L I M AT E R E C O R D S

F R O M S LO W- G R O W T H S P E L E OT H E M S

summary

Secondary Ion Mass Spectrometry (SIMS) δ18O analysis and other mi-

croanalyses of speleothems are typically used to refine understanding

of abrupt climate events. Here, we present a long-term record of cli-

mate and hydrological change using δ18O and trace metal microanal-

yses of a small (<1 cm) speleothem chip from Lehman Caves NV. This

new record, anchored by 25 hand-drilled and micromilled uranium-

thorium dates, encompasses 354 SIMS δ18O measurements at 15 µm

resolution and 40 micro-X-Ray Fluorescence (XRF) measurements of

trace metals at 200 µm resolution between 80 and 13 ka. Our record

of δ18O values broadly follows the marine Termination I (T-I) and ris-

ing boreal summer insolation, increasing 2.5 – 3 ‰ between 22 and 15

ka, which we interpret as largely reflecting regional ambient temper-

ature. Though highly variable during the Bølling-Allerød (BA), δ18O

values generally describe only a slight decrease, and the decoupling

of our δ18O values and trace metal XRF signals is particularly emphatic
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during this period. At 14.6 ka, many trace metal signals sharply de-

cline from at or near maximum values, recovering by 13 ka. We in-

terpret this excursion as abrupt drying limiting the transport and/or

mobilization of trace metals and organic colloids; this interpretation is

consistent with previous reports of Lake Bonneville lowstands during

the BA and anti-phasing with the East Asian Summer monsoon.

5.1 introduction

The Great Basin has long been an area of interest for researchers seek-

ing to understand past climate and hydrological change (Broecker

and Orr, 1958; Eardley et al., 1973; Gilbert, 1890; Oviatt, 1997; Ovi-

att et al., 2005), and has received particular attention for the Dev-

ils Hole record (Winograd et al., 1992), which appeared to show

marine Termination-like features up to 10 kyrs prior to the actual

deglaciations. Recently, however, Great Basin climate has been recon-

ciled with orbital theory: Shakun et al. (2011) analyzed a speleothem

from Lehman Caves featuring rising δ18O values between 133 – 129

ka, a time corresponding to the penultimate deglaciation, the record

of Lachniet et al. (2014) captured the beginning and ending of this

rise as well as the timing of the last deglaciation with their Great

Basin speleothem compilation record, and Moseley et al. (2016) rec-

onciled Devils Hole itself to Milankovitch theory with new samples

showing orbitally-consistent deglaciations. Despite these recent ad-

vances, long-term, absolute-dated, high-resolution climate records in
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the Great Basin remain sparse. Temporal overlap among the existing

speleothem records is limited, and discrepancies have arisen in some

of the few periods in which overlap occurs (Cross et al., 2015). As

such, it is important to continue to develop high-resolution records

from diverse locations within the Great Basin to resolve these discrep-

ancies and understand the meaning of and mechanisms responsible

for climate change and potential spatial and temporal heterogeneity.

The nature of this change can be more thoroughly examined via the

development of alternative proxies, such as trace metals, that provide

a perspective complementary to that of δ18O values. Trace metals have

previously been used in speleothems from the Great Basin region

(Cross et al., 2015; Steponaitis et al., 2015) as a measure of water bal-

ance and infiltration rate, which δ18O reflects poorly, if at all, and have

also been used to great effect elsewhere (e. g.,, (Cruz et al., 2007; Tan

et al., 2014)). The analysis of other trace metals in addition to Mg and

Sr can provide an even more nuanced view of hydroclimate (Fairchild

and Treble, 2009), so here we examine rare earth elements (REE)/rare

earth elements plus Y (REY) and various transition metals, which are

a developing area of study (Borsato et al., 2007; Richter et al., 2004;

Zhou et al., 2006). We interpret these metals as a measure of mobi-

lization and transport (on organic particles/colloids and as dissolved

species), where low mobilization/transport corresponds to dry condi-

tions.

Speleothem selection has typically been limited to relatively fast-

growing formations, which can be easily sampled and used to develop
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a high-resolution record with conventional acid-digestion techniques.

Even greater resolution is achieved with these samples using micro-

analyses, such as micro-XRF and SIMS, to characterize these samples

on a seasonal basis (Huang et al., 2001; Mattey et al., 2008; Orland,

2012), with age-control provided by fluorescent band counting tech-

niques. However, with recent improvements in uranium-thorium dat-

ing (Cheng et al., 2013) and characterization of analytical 230Th and

234U blanks into the attogram range (Cross et al., 2015), a new set

of slow-growth speleothems can now be viably used to develop high

resolution records.

In this work, we discuss and present results from uranium-thorium

dating, SIMS analysis, micro-XRF analysis, and fluorescent band count-

ing on a slow-growth section of a speleothem from Lehman Caves,

Nevada. This section of WR-41 (Cross et al., 2015) grew between 80

and 13 ka, a period of time that includes the last deglaciation and asso-

ciated events. In the Great Basin, the Last Glacial Maximum (LGM) is

associated with wet conditions due to a southerly-deflected jet stream;

Heinrich Stadial (H)2 and H1 are associated with lake highstands

(e. g.,, (McGee et al., 2012; Munroe and Laabs, 2013b)), possibly be-

cause of reduced Atlantic Meridional Overturning Circulation (AMOC)

and strengthening of the Aleutian Low enhancing moisture delivery

to the region (Chiang et al., 2014; Okumura et al., 2009). In contrast,

the BA is associated with a negative water balance, falling lake lev-

els, and lowstands (e. g.,, (McGee et al., 2012; Munroe and Laabs,
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2013a)); this period has never before been captured in a Great Basin

speleothem record. Our goals in this study are threefold:

1. Replicate the δ18O record of the last deglaciation and fill in gaps

in the current Lehman Caves δ18O record (Cross et al., 2015;

Lachniet et al., 2014; Shakun et al., 2011; Steponaitis et al., 2015).

2. Develop record of trace transition metals and REE/REY, a rela-

tively new area of study, for the period 80 – 13 ka for Lehman

Caves.

3. Proof-of-concept: Develop a long-term climate record from a

slow-growth section of a speleothem using precise uranium-

thorium dating and micro-analytical techniques (SIMS, micro-

XRF) usually used for seasonal-level resolution.

5.1.1 Site Description

Lehman Caves (39.01 N, 114.02 W) is located in the southern Snake

Range in the eastern Great Basin. An actively dripping, extremely well

decorated cave, Lehman Caves is largely 30 to 60 m below ground in

a ridge of the Pole Canyon Limestone (PCL). The 3.2 km of passages

are accessible by the modern blasted-tunnel entrance at an altitude of

2080 m . The PCL consists of five alternately light and dark, thin to For a Lehman Caves

map and a profile,

see Chapter 1
massive carbonate members, and also contains minor quartzite and

shaly units. In neighboring ranges, dolomite has been identified in

PCL outcrops (Drewes and Palmer, 1957). Historically, beryllium min-
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erals, tungsten ore, and placer gold, as well as some lead, zinc, and

silver have been mined in the Snake Range. Ore deposits are found in

quartz veins in sedimentary units and in intruding granitic rocks.

The environment of Lehman Caves is stable. Relative humidity is

100% year-round and the cave temperature is at a constant 11.0°C,

reflecting mean annual temperature above the cave. The isotopic com-

position of cave waters is similar to local volume-weighted mean an-

nual precipitation δ18O values (∼-15.5 ‰), according to a recent study

(Paul and Thodal, 2014). From this similarity, we can infer minimal

evaporative influence on isotopic composition, and attribute ground-

water recharge largely to winter precipitation sourced from the Pa-

cific Ocean (Benson and Klieforth, 1989; Friedman et al., 2002a,b; Paul

and Thodal, 2014; Prudic and Glancy, 2009), with potentially minor

amounts of summer precipitation (Paul and Thodal, 2014). Lehman

Caves responds hydrologically to precipitation on the order of 1 to 4

weeks (Steponaitis et al., 2015).

5.2 materials and methods

5.2.1 Sample Collection and Preparation

As previously described in Cross et al. (2015), WR-41 was collected

as a loose stalagmite from Lehman Caves and was cut in half longitu-

dinally and then sliced again into a slab. The cut face containing the

growth axis was polished, preparing the surface for subsampling. The
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remaining intact half of WR-41 was set aside for preservation at the

National Park Service office in Great Basin National Park (GBNP).

Conventional, hand-drilled analyses were performed on this slab,

including uranium-thorium dating and stable isotope and trace el-

ement analysis. To pursue higher resolution analyses, on the top

growth period of WR-41, which we did not discuss in Cross et al.

(2015) and henceforth call WR-41-b, we removed WR-41-b using a ta-

ble saw. WR-41-b was further sliced into three chips by a tabletop

low-speed saw equipped with a thin kerf blade. A diagram showing

the spatial relationships of the three chips with each other and all of

the major growth periods of WR-41 is included as Figure 35. . The colors in

Figure 35 are drawn

from matplotlib’s

default perceptually-

uniform,

colorblind-friendly

colormap, viridis

The chip faces indicated by the arrows numbered “2” and “3” in Fig-

ure 35 were hand-polished in preparation for imaging and uranium-

thorium date micromilling. The latter was later cast in a standard 1-

inch epoxy round at the University of Wisconsin, Madison with three

grains of the calcite standard UWC-3 (δ18O = 12.49 (VSMOW) (Kozdon

et al., 2009)) in preparation for SIMS analysis. The mount was polished

sequentially with 6, 3, and 1 micron diamond pastes and finally with

a 0.05 micron colloidal alumina solution (Orland et al., 2012). The

sample was returned to the University of Minnesota for preliminary

imaging, described in Section 5.2.4. Once preliminary imaging was

complete, the mount was cleaned and dried in a vacuum oven for

four hours, then gold coated in preparation for SIMS analysis.
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Figure 35 (previous page): The pieces of WR-41. The numbers refer to the dat-
ing phase upper (78.0 - 13.2 ka) growth section, and
the arrows point to the face dating samples were
drilled from. The forward, external face of the cen-
ter chip is the analytical face for high-resolution
trace element and stable isotope analyses.

Figure 36: A view of Face 3, mounted in a 1 inch epoxy round with 3 grains of the calcite standard
UWC-3.

5.2.2 U-Th Dating and Age Modelling

Due to the unique demands of this sample, uranium-thorium dates

were acquired in three groups, each from a different area of this

growth section. These groups or “Phases” are numbered according

to the order in which they occurred; similarly, the numbers of the
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various faces of the WR-41-b chips correspond to the dating phase

located there.

During Phase 1 dating of WR-41-b, placed on what would become

Face 1 (Figure 35), we used a handheld drill with a 0.5 mm carbide

bit. WR-41-b is 6 mm thick in this area and WR-41 is in general a

slow-growth speleothem. In consequence, we drilled dates in a sim-

ilar fashion to those throughout the rest of the sample: as in (Cross

et al., 2015), five samples of 5 to 10 mg of powder each were extracted

during this phase. Though these amounts are much smaller than in

typical speleothem studies, we have previously shown that this strat-

egy allows us to densely place dating pits within narrow stratigraphic

layers or narrow sets of layers, achieving a high resolution in slow-

growth speleothems while still maintaining a fairly high analytical

precision. The sample pits are shown in Figure 37.

The results of Phase 1 dating mandated even higher resolutions.

For Phases 2 and 3, a recently refurbished Merchantek micromill was

used to extract the sample powders. In each of these phases, the cor-

responding chip was mounted to the micromill stage with hot glue,

and sampling paths were initialized with the Merchantek software,

carefully drawn to follow the slight curvature of the stratigraphic

horizons. Ten paths were initialized in Phase 2, and 11 in Phase 3.

Placement during phase 2 focused on achieving discrete pits and stay-

ing within distinct groups of stratigraphic layers, while Phase 3 paths

were set 100 to 150 µm apart vertically to bracket the lower five Phase

2 dates within each distinct growth area, providing greater coverage
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of the slow growth lower half of WR-41-b. Phase 3 paths were also

offset 150 µm horizontally, to aid in pit identification. The sampling

paths were drilled out over a series of slow 15 to 20 µm deep passes

to a depth of approximately 0.5 mm in Phase 2 and 0.3 mm in Phase

3. Powders weighing between 1.1 and 5 mg in Phase 2 and 0.5 to 1.4

mg in Phase 3 were collected into small polyvinyl vials. Between sam-

ples the drill bit was cleaned with compressed air and ethanol. The

analytical surface was also cleared with compressed air and a soft

paintbrush. Two samples from Phase 2 were divided in half to serve

as powder replicates, resulting in 23 samples from 21 sampling paths.

These paths are clearly visible in the micrographs of Faces 2 and 3,

Figures 38, 91, 39, and 93.

Over the course of this study, a total of twenty-eight sample pow-

ders were weighed and dissolved in 14N HNO3. After dissolution,

they were spiked with a dilute 233U/236U/229Th tracer, the concen-

tration of which was periodically calibrated against aliquots of HU-1

(Cheng et al., 2013). Following the iron co-precipitation and cation ex-

change procedures of Edwards et al. (1987), uranium and thorium

were separated and purified. The uranium and thorium separates

were analyzed at the University of Minnesota on the multi-collector

Thermo-Finnigan Neptune ICP-MS using peak-jumping routines on

the SEM. Due to high (∼1%) ionization and transmission efficiencies,

our analytical precision was relatively high in spite of our small sam-

ple sizes of 0.2 – 5.8 ng of 238U (Table 3). Several parameters were used

to correct raw data: instrumental background, tailing, yield, procedu-
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ral blank data, and an initial 230Th/232Th atomic ratio of 4.4 x 10
-6 ±

2.2 x 10
-6. This ratio represents a material at secular equilibrium with

a bulk earth 232Th/238U value of 3.8. Our average blank values were

91 ± 55 ag 234U, 1.0 ± 0.8 pg 238U, 18 ± 13 ag 230Th, and 0.3 ± 0.2 pg

232Th. Blank corrections are well within analytical (2σ) dating errors

even with our small sample sizes.

The midpoint of each Phase 1 and 2 dating pit was matched to the

corresponding location on Face 3 to align our analyses on the same

depth scale. There were three complete stratigraphic reversals among

our 28 dates, each involving a Phase 1 date and a date from a later

phase. We dropped the three Phase 1 dates, as these pits are much

wider than those of Phases 2 and 3, thus averaging more time. Among

the remaining 25 dates, there were two pairs of replicates. Each repli-

cate pair is represented in our age model as a single age control point

having the pair’s mean age and quadratically combined error. To cal-

culate an age model, we used a Monte Carlo method (Appendix H)

with our 23 new age control points, plus two age control points from

the youngest growth phase of WR-41 discussed in Cross et al. (2015)

to constrain the bottom of our new record. Two million Monte Carlo

simulations were run and the median and standard deviation of the

successful (monotonic) simulations were calculated, yielding the age

model shown in Figure 48. The Monte Carlo procedure is examined

in greater detail in Appendix H, and the code is available publicly

under a three clause Berkeley Software Distribution (BSD) license on

GitHub.
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Figure 37: The first round of uranium-thorium dating, consisting of five hand-drilled dates. The oldest of the five dates is the
pit in the lowest white layer. The large dating pit is part of a previous study (Chapter 4). Results pertaining to the
dating in this chapter are available in Table 3.
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Figure 38: The second round of uranium-thorium dating, consisting of twelve total samples and replicates from ten micromilled
pits, which are shown in this composite darkfield microscopy image of with 5X magnification. Results from this
phase of dating are available in Table 3.
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Figure 39: A composite darkfield 5X microscopy image of the third and final round of uranium-thorium dating, focusing on
the short growth periods of pale white-gray portion of WR-41-b, and one additional period not captured in the
previous rounds for technical reasons. Results for these eleven dates are available in Table 3.
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5.2.3 Conventional Analyses

Conventional stable isotope and trace element ratios analyses were

performed on WR-41-b during the work presented in Chapter 4. A

total of ten stable isotope samples from WR-41-b weighing approxi-

mately 100 µg each were extracted at a 0.5 mm interval. At the Univer-

sity of Arizona, Tucson, sample powders were dissolved in a KIEL-II

automated carbonate preparation device and analyzed on a Finnigan

MAT 252 gas-source isotope ratio mass spectrometer. Analytical (2σ)

uncertainties for δ18O and δ13C values are approximately ± 0.22‰

and ± 0.16‰, respectively.

We collected six 1 – 2 mg samples every 1 mm along our stable

isotope drill transect. At MIT, 1 mg of each sample was dissolved in

8N HNO3, diluted to ∼0.05% Ca in 0.5 M HNO3, and analyzed on

a Thermo VG PQ2+ quadrupole mass spectrometer for 25Mg, 26Mg,

43Ca, 86Sr, and 87Sr. Gravimetric Mg-Ca-Sr standards with similar Ca

concentrations were run every 10 samples to monitor relative sensi-

tivity for Mg, Ca, and Sr and calculate the Mg/Ca and Sr/Ca sam-

ple ratios. Elemental ratios in the standards varied by <10% through-

out each run. Raw data were corrected for procedural blanks and

instrument background. Analytical uncertainties for elemental ratios

are <2%, and mean reproducibility of ratios in replicate samples mea-

sured on separate days is better than 10%.
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Figure 40: Darkfield 5X microscopy composite of the analytical face of WR-41-b.
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5.2.4 Imaging, Image Analysis, and Band Counting

As WR-41-b is much smaller than is typical for a speleothem study,

high-resolution imaging and image analysis were critical for this work.

We performed several types of microscopy and used open-source and

freely available image analysis tools to fulfill a variety of needs.

To examine the stratigraphy of the various faces of WR-41-b and en-

able correlations, we used a Nikon Optiphot light microscope with

a reflected light source and an 18 megapixel Canon SL1 digital

camera to capture darkfield, brightfield, and polarized light micro-

scope images. We have found that darkfield microscopy, collecting

the scattered light from a sample, is ideal for creating micrographs

of speleothem stratigraphy, while brightfield microscopy is ideal for

examining the surficial topography and ascertaining pit dimensions,

since it collects reflected, unscattered light. We also collected polar-

ized micrographs of our sample chips, though as calcite has a low

birefringence these typically did not show additional features beyond

what we observed in darkfield or brightfield microscopy. Our images

were taken using 5X or 10X objectives, which are calibrated to 1.84

and 3.70 pixels per micron, respectively.

The individual images collected during our microscopy sessions

were combined into composite sample maps. The images were first

downscaled by a factor of 2 to 4 using skimage.transform.rescale()

(Van Der Walt et al., 2014) with a third-order spline interpolation from

the scikit-image package so that it would be computationally fea-
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sible to handle the large composite image. The downscaled images

were composited in Microsoft Image Composite Editor (ICE), which

automatically performs exposure correction. As the downscaling fac-

tors and the original calibrations were known, accurate scale bars

were drawn in Inkscape. If necessary, the resulting images were down-

scaled again by integer factor in the GIMP.

Confocal microscopy was used to investigate the potential for an-

nual luminescent banding, which has been reported in speleothems

from a variety of locations (see discussion in Baker et al. (2008)).

This luminescent banding is revealed by shining a blue (488 nm)

laser at the speleothem surface, exciting the organic acids within the

speleothem and causing them to emit green (525 nm) light, which

is collected from a thin focal place (Semwogerere and Weeks, 2005).

For a conceptual diagram of confocal microscopy, see Figure 1. We

used a Nikon A1-R multiphoton confocal microscope with a 10X Plan

Fluor DIC objective to image our highly polished sample mount prior

to gold-coating and SIMS analysis. Imaging with the Nikon software

yielded both individual images and an automatically assembled large

composite image (Figure 41).

In the confocal images, clear fluorescent banding was noted in a

few places in our sample chip. Band counting is often used as a

way to refine or establish chronologies (Dasgupta, 2008; Dasgupta

et al., 2010; Genty et al., 1998; Lascu et al., 2016); however manual

band counting is extremely time consuming and remains subjective.

As such, we attempted automatic band counting. Confocal images of
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the banding were first enhanced using the Contrast Limited Adaptive

Histogram Equalization (CLAHE) function (equalize_adapthist()) in

scikit-image’s exposure module. This algorithm performs local con-

trast enhancement, bringing out local details such as fine or faint

banding even in areas of the image that are relatively light or dark.

Using scikit-image’s interactive image viewer and LineProfile()

plugin, we placed seven-pixel-wide intensity profile lines perpendic-

ular to stratigraphy on our CLAHE enhanced images. The seven pixel

width, corresponding to an approximate 4.1 micron distance, was cho-

sen in order to reduce noise while limiting signal reduction due to

band curvature. As annual fluorescent bands in their simplest form

are light-dark couplets (Baker et al., 2008), we counted the light mem-

bers of each couplet by detecting relative local maxima in our intensity

profiles using the argrelmax() function from SciPy’s signal submod-

ule.

After SIMS analysis, we gold-coated our sample mount again and

viewed the SIMS analysis pits with an SEM. On the JEOL 6700 Field

Emission Gun Scanning electron microscope at the University of Min-

nesota Characterization Facility, we inspected each sample pit individ-

ually using secondary electron imaging with 5kV accelerating voltage

at 7000 – 8500 X magnification. Every 20 “Acceptable” pits were im-

aged, while images were captured of all “Borderline” and “Irregular”

pits (Orland et al., 2014).
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Figure 41 (previous page): A view of confocal banding in the mounted face of
WR-41-b. This image was acquired using the large
image capture function in the Nikon A1-RMP soft-
ware. Light features are rich in organic acids.

Figure 42: The original confocal image in grayscale is on the left. This image was subjected to an
adaptive histogram equalization to bring out the existing banding. From the enhanced
image, a seven pixel wide intensity profile was collected. The trace of the intensity
profile line is visible as a thin, white, near-vertical linear feature on the right side of the
enhanced image.

5.2.5 SIMS δ18O Analysis

Over a period of three days, 390 sample spots, including replicates,

were analyzed on the SIMS at the University of Wisconsin, Madison.

Our goal was to achieve maximum resolution within the allotted time.

The elliptical sample spots, slightly less than 10 microns in diameter

in the z direction of our sample chip, were initially placed every 30

microns within the relatively fast-growth first 1850 microns of our
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Figure 43: The original confocal image in grayscale is on the left. This image was subjected to an
adaptive histogram equalization to bring out the existing banding. From the enhanced
image, a seven pixel wide intensity profile was collected. The trace of the intensity
profile line is visible as a thin, white, near-vertical linear feature on the right side of the
enhanced image.
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Figure 44: The original confocal image in grayscale is on the left. This image was subjected to an
adaptive histogram equalization to bring out the existing banding. From the enhanced
image, a seven pixel wide intensity profile was collected. The trace of the intensity
profile line is visible as a thin, white, near-vertical linear feature on the right side of the
enhanced image.
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Figure 45: The original confocal image in grayscale is on the left. This image was subjected to an
adaptive histogram equalization to bring out the existing banding. From the enhanced
image, a seven pixel wide intensity profile was collected. The trace of the intensity
profile line is visible as a thin, white, near-vertical linear feature on the right side of the
enhanced image.
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speleothem, followed by placement every 15 microns through the rest

of the sample. Afterwards, we returned to the upper portion of the

speleothem and placed spots between the existing pits, achieving a 15

micron resolution throughout the entire sample.

Our analytical reproducibility was monitored by an established

sample-standard bracketing technique. Groups of 8 to 15 sample anal-

yses were bracketed by two sets of 4 analyses of calcite standard UWC-

3 (δ18O = 12.49‰ (VSMOW), Kozdon 2009). The two sigma error from

each group are derived from the standard deviation of the bracketing

standards. These standard spots were used to calculate the offset be-

tween measured and actual δ18O value of our sample spots, as well

as determine the two sigma error of the samples.

We improved the accuracy of our SIMS analysis spot location data

by importing the reported SIMS coordinates into QGIS. With a custom

coordinate system and a “georeferenced” image of the sample, anal-

ysis spots were slightly corrected to match more precisely with their

actual pit locations. The updated spot locations were exported and

incorporated into our SIMS dataset, available in Appendix E.

Finally, we refined our SIMS dataset with three established quality

control measures. Analysis pits were imaged by Scanning Electron

Microscope (SEM), as described in Section 5.2.4, which can identify

samples that may be biased by sample porosity or other irregularities.

Following the procedures of Orland et al. (2014), we classified each

sample pit as “acceptable”, “borderline” or “irregular” and excluded

data from irregular pits. Second, we measured the 16OH/16O ratio
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5.2 materials and methods

for each analysis, correcting the sample 16OH/16O value by the aver-

age of the bracketing standards value. The session average and Tukey

outliers (Tukey, 1977) were calculated; sample analyses with values

outside of the 16OH/16O Tukey range were discarded. Similarly, the

secondary ion yield for each sample relative to the bracketing stan-

dards’ yield was calculated, and samples with relative yield outside

of the Tukey range were also discarded. These quality control mea-

sures can be viewed graphically in Figures 66, 67, and 68.
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Figure 46: A composite brightfield 5X microscopy image of the third and final round of uranium-thorium dating, focusing
on the short growth periods of pale white-gray portion of WR-41-b, and one additional period not captured in the
previous rounds for technical reasons. Results for these eleven dates are available in Table 3.
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Figure 47: A composite darkfield 5X microscopy image of the third and final round of uranium-thorium dating, focusing on
the short growth periods of pale white-gray portion of WR-41-b, and one additional period not captured in the
previous rounds for technical reasons. Results for these eleven dates are available in Table 3.
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5.2.6 XRF Trace Element Analysis

Face 1 (Figure 35) of WR-41-b was scanned at 0.2 mm resolution us-

ing the IRTRAX XRF Corescanner at the LacCore XRF lab at the Large

Lakes Observatory at the University of Minnesota Duluth. As the

stratigraphy of face 1 of WR-41-b has slightly different dimensions

than that of face 3, we used a piecewise transform to convert the po-

sitions of each analysis on Face 1 to depths on Face 3. Elements with

low/no counts or seemingly random signals were not considered for

this study.

5.3 results

5.3.1 U-Th Chronology

We present a new chronology extending from 78.8 ka ± 2.0 to 13.1 ±

0.3 ka, available in Table 3. This chronology was assembled using 23

age control points, including two points representing replicate analy-

ses. To constrain the old end of our age model when assigning ages

to micro-analyses, as shown in Figure 48 we included two age con-

trol points from a lower growth phase presented in Cross et al. (2015).

Three dates were discarded from our chronology as they were Phase

1 dates involved in a complete stratigraphic reversal. We have previ-

ously encountered reversals in WR-41 and considered several expla-
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nations for their cause (Cross et al., 2015). Anomalously old dates may

be explained by geochemical behaviors that leach uranium (Ivanovich

and Harmon, 1982) or resulted in greater initial thorium than ac-

counted for in our correction (Dorale et al., 2004); anomalously young

dates are difficult to explain geochemically. However, the nature of

our sample, the difficulties associated with precise hand-drilling, and

the remarkable consistency among Phase 2 and 3 dates lead us to

conclude that these particular Phase 1 dates averaged younger and

older materials than their midpoints suggest, leading to the observed

reversals (Figure 48).

Growth rates are highly variable in our sample. Although mostly

less than 250 µm/kyr, 3 spikes in growth rate are evident, with a po-

tential spike at the older end of the record. These jumps in growth

rate to approximately 1000 µm/kyr, 700 µm/kyr, and 2000 µm/kyr,

are respectively timed around 37 ka, 30 ka, and 14 ka. Uranium con-

centrations are, at 756 – 775 ppb, markedly higher around 78 ka than

in the rest of the record, which ranges between 183 – 465 ppb. The

δ234Uinitial of our record shows an overall decrease, from a high of

509.5‰ around 78 ka to a low of 342‰ at approximately 13.5 ka.

Small recoveries from these decreases are apparent around 37 and 29

ka.
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Table 3: Uranium-thorium dating results.
The uncertainties quoted are ±2σ.
* δ234Umeas. = ([234U/238U ]activity - 1) × 1000

** δ234Uinitial was calculated based on 230Th age (T), i. e., δ234Uintial = δ234Umeasured × eλ234T

Decay constants are λ230 = 9.17052 × 10
-6y-1, λ234 = 2.82206 × 10

-6y-1, λ238 = 1.55125 × 10
-6y-1

Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4 × 10
-6 ± 2.2 × 10

-6; those are the values for
a material at secular equilibrium with the bulk earth 232Th/238U value of 3.8. 230Th ages (in kyr BP, where present is
the year 1950) are indicated in bold.
Sample names consist of the phase number and the sample number within that phase. Sample names that include
letters are powder replicates, and those that are followed by asterisks indicate rejected dates.

Sample Depth 238U 238U 232Th δ234U * 230Th/238U
230Th Age 230Th Age

δ234Uinitial **(kyr) (kyr BP)
Name (mm) (ppb) (ng) (ppt) (meas.) (activity) (uncorr.) (corrected) (corrected)

2-01 170 280± 1.0 0.73 404± 46 326.7± 4.5 0.1523± 0.0032 13.2± 0.3 13.1± 0.3 339.1± 4.7

1-01 230 317± 0.5 1.71 1428± 36 311.8± 2.0 0.1574± 0.0043 13.9± 0.4 13.7± 0.4 324.2± 2.1

2-02 660 320± 0.8 1.60 590± 26 315.0± 3.3 0.1585± 0.0020 13.9± 0.2 13.8± 0.2 327.6± 3.4

2-03 1240 326± 1.0 1.07 239± 36 314.0± 3.8 0.1639± 0.0028 14.5± 0.3 14.4± 0.3 327.1± 4.0

2-04A 1770 278± 0.9 0.75 248± 43 318.7± 4.9 0.1717± 0.0031 15.1± 0.3 15.0± 0.3 332.6± 5.1

2-04B 1770 261± 1.4 0.39 210± 78 326.7± 6.5 0.1680± 0.0055 14.7± 0.5 14.6± 0.5 340.5± 6.8

1-02 1830 304± 0.3 3.80 717± 15 329.8± 1.7 0.1782± 0.0010 15.6± 0.1 15.5± 0.1 344.6± 1.8

2-05 2380 426± 1.1 1.58 10 519± 215 382.3± 3.7 0.2269± 0.0025 19.4± 0.2 18.8± 0.4 403.2± 3.9

3-01 2910 363± 2.3 0.36 165± 116 433.7± 6.1 0.3343± 0.0066 28.6± 0.6 28.5± 0.6 470.1± 6.6

1-03* 2960 465± 0.9 5.77 5922± 119 411.7± 2.3 0.3160± 0.0011 27.3± 0.1 26.9± 0.2 444.3± 2.5

3-02 3120 378± 2.1 0.45 1280± 101 408.4± 5.4 0.3469± 0.0055 30.4± 0.6 30.3± 0.6 444.9± 5.9

2-06 3200 457± 1.6 1.19 1852± 59 416.1± 4.5 0.3422± 0.0035 29.8± 0.4 29.6± 0.4 452.4± 4.9

3-03 3320 268± 1.0 0.38 1579± 90 448.0± 5.7 0.3817± 0.0073 32.8± 0.7 32.7± 0.7 491.3± 6.4

3-04 3500 237± 2.0 0.17 520± 155 393.2± 8.0 0.4091± 0.0123 37.3± 1.3 37.2± 1.3 436.7± 9.0

2-07A 3680 283± 1.8 0.31 712± 107 366.1± 7.4 0.4023± 0.0082 37.4± 1.0 37.3± 1.0 406.9± 8.3
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Table 3: Uranium-thorium dating results continued...

Sample Depth 238U 238U 232Th δ234U * 230Th/238U
230Th Age 230Th Age

δ234Uinitial **(kyr) (kyr BP)
Name (mm) (ppb) (ng) (ppt) (meas.) (activity) (uncorr.) (corrected) (corrected)

2-07B 3680 272± 1.4 0.38 548± 84 377.1± 6.9 0.4038± 0.0078 37.2± 0.9 37.1± 0.9 418.9± 7.8

3-05 3750 237± 1.6 0.24 510± 117 371.2± 7.1 0.4034± 0.0091 37.4± 1.0 37.3± 1.0 412.4± 8.0

1-04* 3770 316± 0.4 3.07 625± 13 391.6± 2.0 0.4263± 0.0017 39.2± 0.2 39.1± 0.2 437.4± 2.2

3-06 4030 328± 2.3 0.30 1252± 132 370.3± 6.0 0.4027± 0.0089 37.3± 1.0 37.2± 1.0 411.3± 6.8

2-08 4170 320± 1.2 0.83 1260± 57 391.6± 4.6 0.4320± 0.0051 39.8± 0.6 39.6± 0.6 438.0± 5.2

3-07 4280 262± 2.0 0.24 1341± 133 411.2± 7.4 0.4712± 0.0102 43.4± 1.2 43.2± 1.2 464.6± 8.5

3-08 4550 183± 1.6 0.15 2876± 159 388.5± 8.9 0.5255± 0.0157 50.6± 1.9 50.2± 1.9 447.8± 10.5

2-09 4630 217± 0.9 0.52 5660± 126 339.5± 8.5 0.5367± 0.0066 51.6± 0.8 51.0± 0.9 456.4± 7.3

1-05* 4660 229± 0.4 1.15 2756± 60 406.8± 2.7 0.5194± 0.0068 48.8± 0.8 48.7± 0.8 466.9± 3.3

3-09 4830 298± 2.3 0.27 1713± 142 397.9± 6.6 0.6501± 0.0124 65.9± 1.7 65.7± 1.7 479.1± 8.3

3-10 5050 775± 6.1 0.54 834± 167 405.7± 4.5 0.7451± 0.0102 78.8± 1.6 78.7± 1.6 506.7± 6.1

2-10 5060 756± 3.5 1.36 1158± 69 409.2± 3.8 0.7401± 0.0070 77.8± 1.1 77.7± 1.1 506.5± 4.9

3-11 5130 759± 7.5 0.38 1244± 213 394.3± 5.2 0.7392± 0.0127 78.9± 2.0 78.8± 2.0 492.6± 7.1
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5.3 results

5.3.2 Band Counting

In the intensity profile through the top 968 micron section of our sam-

ple, we counted 419 local maxima, which we propose indicate the

light members of each fluorescent band couplet. An example figure

illustrating the intensity curve of the first 150 µm of this line profile

and the counted maxima against a grayscale representation of the in-

tensity curve is shown as Figure 49. Similar graphics illustrating the

remainder of this profile are available in Appendix F as Figures 69, 70,

71, 72, 73, and 74. According to our age model, this section spans 1350

years, from 14.1 ± 0.2 to 12.8 ± 0.5 ka, and at minimum 644 years. In

the next lowest banded section (Figure 43), we detected 84 local in-

tensity maxima between 3500 to 3754 µm (Figures 75 and 76). This

section encompasses roughly 720 years according to our age model,

having grown between 37.4 ± 0.5 and 36.7 ± 0.8 ka. The last banded

section is a portion of the youngest growth phase described in (Cross

et al., 2015) (Figures 44 and 45). In this 1.5 mm section, which we

profiled in two parts, we counted 560 intensity maxima (Figures 77,

78, 79, 80, 81, 82, 83, 84, 85, and 86). Our age model suggests that the

time range represented is 2300 years, with a minimum of 570 years,

between 81.6 ± 0.5 and 79.3 ± 1.2 ka.

In all sections, the number of bands is lower than the what our

age model suggests. Indeed, the number of bands is almost 10 times

lower than expected in the middle section, and in the upper and lower

banded areas is also fewer than the minimum age range. As our band-
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5.3 results

Figure 48: The age control points plotted against depth and time. Each set of powder replicates
(204A and B, 207A and B, shown in Table 3), is included as a single date with the
set’s average age and quadratically combined error. The reference section, to scale, is
included. The vertical gray bars denote Hs.
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counting procedure is computerized and highly sensitive to intensity

changes, we have counted all of the bands in the images able to be

counted. We suggest three possible causes for the apparent low num-

bers of bands:

1. Many bands are simply too thin to be resolved. We estimate

that the average growth rates in these sections range from 0.7 to

almost 2 µm/kyr. As the resolution of our confocal images is

0.59 µm/pixels, we cannot detect bands less than 1.18 µm thick.

2. Many bands are actually missing from our speleothem, partic-

ularly in the upper and lower profiled areas. In the upper area,

for example, the stratigraphy above 620 µm is clean and dis-

tinct, while below 620 µm, it is abruptly slightly fuzzier and

marked at intervals by chevrons (Figure 42). This transition sug-

gests missing time or some sudden change, and is bracketed by

two Phase 2 dates with midpoints at 170 and 660 µm. These

dates are 693 years apart, with a minimum of 206 years, and

there are 211 bands between them. It may be that 400 or more

years are missing. Unless, of course,

3. Bands represent multiple years. Our growth rates are slow

enough that this is plausible. A true test of annual banding con-

sists of extracting dates from several single growth bands, and

comparing the count. This test is impossible to apply to our

samples; the growth rate and uranium concentrations are too

low. We also did not achieve an approximation of this test, as

all pairs of precisely-placed uranium-thorium pits (from Phase
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2 or Phase 3) within the areas of banding bracket features like

the 620 µm transition that may be micro-hiatuses.

Since we cannot confirm an annual nature of banding, we did not

attempt to incorporate the results of our band counting into our age

model. However, we look forward to further tests and refinements of

this band counting method.
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Figure 49 (previous page): The first 150 microns of the intensity profile gath-
ered from the enhanced image in Figure 42 are rep-
resented here as a series of colors and as a curve.
Since a band is defined by a light-dark couplet, a
count of the relative local maxima or relative local
minima should yield an accurate band count. The
identified maxima are indicated the points. A total
of 419 points were found for this 970 micron trace.
Similar figures for the remaining 820 microns are
available in Section F.1.2.

5.3.3 Stable Isotopes

Our ice-volume-corrected acid digestion (referred to here as “conven-

tional”) oxygen isotope values range between a minimum value of

-13.46‰ at 47.9 ± 1.5 ka and a maximum value of -11.94‰ at 13.8 ±

0.2 ka, as shown in Figure 50 and Table 16. Our ice-volume-corrected

SIMS oxygen isotopic values, however, exhibit a spread of 5 ‰, from

-16.30‰ at 79.3 ± 1.2 to -11.24‰ at 14.5 ± 0.3 ka (see Figure 50 and

Tables 19, 20 and 21). Rapid, high-amplitude variations occur several

times in our record, notably between 13 – 16 ka, 39 – 39 ka, and 79 –

80 ka, at the end of our record. Additionally, a clear high is reached

at 67.5 ka, followed by a trough at 62.5 ka. To assure ourselves of the

validity of our SIMS measurements, we placed nearby replicate spots

in stratigraphic horizons where we measured abruptly high or low

δ18O values. We also measured overlapping transects in areas where

we had to move significantly laterally to dodge around features such

as the large linear crack that developed in our sample during the

mounting process (the crack can be seen in Figures 36, 47, and 46, as
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well as any of the figures in Section F.2.3.), and placed five spots in

the same stratigraphic horizon. These replicate spots all reproduced

within error.
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Figure 50: The conventional and SIMS oxygen isotope data, corrected and uncorrected for ice volume. See Tables 19, 19, and
21. Our conventional data is shown as the large points, while the SIMS data is the curve. The conventional isotope
data is consistently higher than the SIMS data, which has been noted in a number of other speleothem studies. The
relative values in the SIMS curve are consistent.
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An offset between convention acid-digestion and SIMS δ18O values

has been observed in other speleothem studies (for example, Treble

et al. (2007)). The cause of this offset, yet unresolved, is an active area

of research (Orland, 2012). The offset exhibited by our data appears

particularly variable likely due to extreme changes in growth rate of

WR-41-b, which affects the time-averaging of each conventional point.

As the relative values of the SIMS points are preserved, we will gener-

ally discuss the trends and changes in our record rather than compare

absolute values with other Lehman Caves δ18O records.

Our total range in δ13C values is less than 2 ‰, from -6.17‰ at 36.9

± 0.6 ka to -4.27 at 14.2 ± 0.2 ka. From the oldest point in our record

until 36.9 ka, δ13C values generally decrease. Over the short period

between 17.0 ± 0.3 to 14.2 ± 0.2 ka, δ13C values rise 1.5‰. There is

significant variability (nearly 5 ‰) between this time and the top of

our record at 12.8 ± 0.5 ka, though the general trend is a decrease.

5.3.4 Trace Elements

We obtained six Mg/Ca and Sr/Ca measurements at a resolution of

1 mm. Our Mg/Ca ratios range between 4.4 mmol/mol at 13.9 ±

0.2 ka and 8.30 mmol/mol at 26.7 ±, while our Sr/Ca ratios range

between 21.2 µmol/mol at 15.5 ± 0.1 ka and 43.6 µmol/mol at 60.7 ±

1.4 ka. Sr/Ca values decrease from 60.7 ka to 15.5 ka and then recover

slightly, when Mg/Ca values are decreasing.
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Micro-XRF analyses yielded fourteen elements with strong signals.

These include the rare earths Er, Ho, Pm, Pr, and Lu, as well as Y;

Sr, and other transition metals: Pt, W, Ir, Ti, V, Mn, and Zn. For com-

parison purposes we have presented them normalized on a 0-1 scale

(Figures 51 and 52). Absolute counts are available in Table 18. A com-

mon pattern among these elements is an increase, or a dip followed

by over-recovery, immediately after H4, between 39.4 ± 0.5 and 36.4 ±

0.8 ka. Most elements also reach a minimum during or just after H3,

between 29.7 ± 0.4 and 28.5 ± 0.7 ka, and the point immediately be-

fore H2 (at 24.7 ± 0.6 ka) is also a typical inflection point. Then, from

20.9 ± 0.5 to 14.6 ± 0.3 ka, through H1, the signals of most elements

rise to peak at or near their maximum values. This is typically fol-

lowed by a significant excursion to lower counts; the counts of many

of these elements recover to near previous values by 13.6 ± 0.3 ka.

5.4 discussion

5.4.1 Age Determination of a Slow-Growth Speleothem

Dating and age modeling of speleothems are typically performed by

assuming that the growth rate is such that any time-averaging due to

the width of the sampling pit will be smaller than the accompanying

analytical error. However, when speleothems have the extremely slow

growth rates as seen in some parts of WR-41-b, time-averaging by

wide pits may become significant.

168



5.4 discussion

Figure 51: The results from SIMS analysis of oxygen isotopes, micro-XRF analysis of trace metals
(Er, Ho, Pm, Pr, Lu, Y, Sr, Pt, W, Ir, Ti, V, Mn, Zn) and the incoherent:coherent ratio
(inc:coh), which increases with greater light element components and has been used in
sediment cores as a qualitative indicator of organic matter content. Also included are
the δ234Uinitial values, which we used in Chapter 4 as a confirmation of drying, and con-
ventional acid-digestion δ13C, Mg/Ca, and Sr/Ca values. For reference, the uranium-
thorium dates are plotted at the bottom, vertically stratified according to phase. Hein-
rich stadials and the YD are indicated by labeled gray bars.
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Figure 52: Similar to Figure 51, except focused on the results in the relatively fast growing upper
portion of WR-41-b, between 20 – 13 ka. The YD and H1 are indicated by the labeled
gray bars, which are drawn with the same timings as those in (Wang et al., 2001). There
are no Phase 3 dates in this part of WR-41-b.

170



5.4 discussion

Neymark and Paces (2000) define two end-member models of sec-

ondary mineral growth, based on their work with uranium-thorium

dated Quaternary opals:

1. Episodic/Instantaneous deposition In this model, discrete layers of

finite thickness grow fast — essentially instantaneously relative

to the half-lives of the isotopic system used to date the material.

2. Continuous Deposition Infinitely thin layers are constantly and

slowly deposited.

A key difference between dating the two models is that in the first,

discrete intervals can be reliably dated across samples and using dif-

ferent dating systems will yield discrete dates. In the second, acquired

dates are some intermediate value between the youngest and oldest

material collected during subsampling; this value depends on growth

rate, pit width, the half lives of the isotopic system used to date the

sample, and the ages of the youngest and oldest material. Neymark

and Paces (2000) point out that this intermediate age is younger than

the true average age due to the exponential nature of radioactive de-

cay. Faster-growing samples have less disparity between the true av-

erage and the analytical result.

Post Phase 1, WR-41-b was sampled under the assumption that each

moderately distinct layer was more or less a discrete growth layer (see

Figures 47 and 48 for darkfield images of layering). The replication

and clustering of dates (Figure 51) across three different areas (Fig-

ure 35) suggests this is a good assumption. For areas of fast growth,

the span of time averaged by a 0.3 mm wide trench is less than the an-
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alytical error; for areas of slow growth, the dates are likely to be close

to the true average of the incorporated materials, as these samples

are relatively young and the growth rates are still higher (10
-5mm/yr)

than those indicated as problematic by Neymark and Paces (2000)

(10
-6mm/yr).

Finally, we assembled our age model assuming there were no hia-

tuses. There were no areas in which visual and radiometric data to-

gether clearly suggested a significant gap in deposition, and assigning

hiatuses would require more assumptions about the growth rate on ei-

ther side, thanks to the dating pit width and spacing. We acknowledge

some concern warranted for the nearly 30 kyr period (∼50 – 80 ka)

pinned by only one date. However, the rest of our record is robustly

dated and modeled, showing great promise for the development of

climate records from slow-growth speleothems with moderately low

(360 ± 160 ppb) uranium concentrations.

5.4.2 Interpretation of Stable Isotopes and Trace Elements

The origin of Lehman Caves δ18O, δ13C, and Mg/Ca signals are thor-

oughly discussed in Sections 4.4.1 and 4.4.2, where we suggest that

δ18O values largely reflect temperature, and δ13C and Mg/Ca are con-

trolled by prior calcite precipitation (PCP), indicating local effective

precipitation. These relationships are likely to have persisted through

the period covered by WR-41-b, which is the top growth portion of

WR-41, one of the speleothems analyzed in Chapter 4.
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In Chapter 3, we calculated a modern air temperature – precipi-

tation δ18O value relationship of 0.52‰/°C, which falls within the

range (0.5 – 0.69‰/°C) typical to the midlatitudes (Dansgaard, 1964).

With a calcite-water fractionation of ∼-0.2‰/°C, our net tempera-

ture dependence becomes 0.32-0.2‰/°C. The approximately 2.5‰ in-

crease in δ18O values between 22.5 ka and 14.7 ka, following the rising

limb of boreal summer insolation (Figure 53), corresponds to a 7 – 8°C

temperature increase. A temperature increase of this magnitude is not

unreasonable. Shakun and Carlson (2010) calculated a minimum net

global cooling at the LGM of ∼4.9°C relative to peak interglacial con-

ditions, and Affek et al. (2008) calculate from a speleothem clumped

isotopes study that LGM temperatures were cooler than modern tem-

peratures by 6 – 7°C. As discussed in Chapter 4, however, we cannot

entirely rule out other controls on δ18O values.

A complementary perspective is provided by our XRF trace element

values, which consist of REE/REY (Pr, Ho, Pm, Pr, Lu, Y) and tran-

sition metals (W, Pt, Ir, Sr, Zn, V, Mn, Ti). REE/REY have previously

been related to weathering and hydrological dynamics. Richter et al.

(2004), studying German speleothems, suggest that REE enrichment

and increases in Mn in the crystal lattices indicate times of more in-

tense weathering corresponding to periods of warm, humid climate.

Zhou et al. (2008a) (and citations therein) in their study of Chinese

speleothems also propose that REE and Mn enrichment occurs dur-

ing warm and humid climate phases, as these conditions increase soil

acidity and soil pCO2 due to greater microbial action, greater organic
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matter, and more organic decay. Additionally, hydrology is more dy-

namic during these periods, facilitating mobilization and transport of

REE dissolved in groundwater and adsorbed onto organic colloids and

particulates, with which REE, particularly the heavy REE, form strong

complexes (Borsato et al., 2007). The strong correlation with Mn in

these studies suggests that for most of these trace elements, organic

colloids and particles are the dominant mode of transportation. Ex-

ploring REE and REY concentrations and patterns, Zhou et al. (2008b)

agree that warm and humid conditions, confirmed by δ18O and δ13C

records (Zhou et al., 2008c) are associated with REE enrichment. They

investigate the interconnected roles of different REY sources, and REY

mobilization, transportation in groundwater, and prior precipitation;

finding that REY signatures matching the host rock and low organic

colloids particulates are associated with cold and dry periods, while

warm and humid phases are associated with soil REY signatures and

greater detrital contributions. Bourdin et al. (2011) in their study of

REE and alkaline earth elements in French speleothems, however, did

not find a connection between organic particles/colloids and trace

metal enrichment, instead proposing that variations in growth rate

were a controlling factor, and calling for more data to determine the

role of water residence time and redox conditions.

In addition to Mn, other trace transition metals, including Zn, Pb,

Cu, Co, Ni, and Fe, have also been employed to study local hydro-

climate (Borsato et al., 2007; Fairchild and Hartland, 2010; Hartland

et al., 2012; Jo et al., 2010; Tan et al., 2014). These studies have found
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connections between trace metals/trace metal ratios with hydrocli-

mate, where depletion corresponds to dry conditions. The relative

concentrations of trace metals are also of significance, as they may re-

flect competition for binding sites on organic particles/colloids, shifts

in organic particle/colloid size, and/or modes of transport and infil-

tration rate (Hartland et al., 2012).

The strong covariation of Mn, Pt and several REE (Pm, Ho, Er;

R2>=0.78, p < 0.005) suggests similar mechanisms, likely increased

weathering and colloidal/particulate transport during wet times, and

decreased during dry phases. Growth rate in WR-41-b was not

strongly correlated with any trace metal. As we lack concentration

data and field data on REE and trace metal sources, we cannot specu-

late on the interplay of source, transport mode, and competition, par-

ticularly over long timescales. However, consistent patterns among

the majority of our trace metals suggest that they can be used as

a general index of wet vs dry conditions, particularly during times

with high temporal resolution and significant change. Therefore, we

suggest that the pattern of trace element signals in WR-41-b between

14.6 ± 0.3 ka and 12.8 ± 0.5 ka represents significant hydrological

disturbance, likely a excursion from generally wet conditions to dry

conditions, followed by a return to wet conditions. Specifically, this

drying is coincident with the start of the Bølling, and recovery be-

gins during the Allerød, reaching prior wet conditions slightly before

the YD. This proposal is supported by consistent reports of Lake Bon-
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neville regressions following a similar timeline (e. g.,, McGee et al.

(2012)), which we discuss further in the section below.

The dry conditions indicated by our trace metals seem counterin-

tuitive when the growth rate is considered. Three peaks in WR-41-b

growth rate (Figure 48) actually occur after Heinrich stadials, which

have largely been considered as times of higher effective precipitation

(Cross et al., 2015; Oviatt, 1997; McGee et al., 2012; Munroe and Laabs,

2013b; Steponaitis et al., 2015). Feng et al. (2014) considered increased

growth rate during the BA in their Texas speleothem as evidence of

increased Gulf of Mexico summer moisture flux and likely greater

effective precipitation, a suggestion informed by long-term monitor-

ing studies at that cave. At Lehman Caves, however, Steponaitis et al.

(2015) find a hiatus in one of their speleothems corresponding to our

period of increased growth rate in WR-41-b, which they suggest might

denote the dry conditions typically associated with the BA in the Great

Basin (McGee et al., 2012; Oster et al., 2009; Oviatt et al., 1992).

Speleothem growth rate is related to a number of factors — tempera-

ture, drip rate, calcium ion concentration — which are themselves con-

trolled by a number of climate, environmental, and geochemical fac-

tors. Stoll et al. (2013) in their survey of Iberian peninsula speleothems

from six different sites found a connection between growth rate and

summer insolation. Genty et al. (2001b) studied modern dripwaters

in six European cave systems, determining for most sites the exis-

tence of good growth rate — temperature and growth rate — cal-

cium ion concentration correlations, and the potential for drip rate to
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become significant at lower drip rates. A study of northwestern Eu-

ropean speleothems also found an insignificant relationship between

growth rate and drip rate, though they noted it was complicated by

calcite porosity variations and seasonal changes/cessation in dripping

(Baker et al., 1998). Although we can probably generalize these re-

sults to Lehman Caves and propose that increased growth rate dur-

ing dry phases is not a contradiction, it is clear that a population of

speleothems and cave monitoring is required to determine the dom-

inance of different potential growth rate controls on Lehman Caves

speleothems.

Finally, we note that the controls on Sr, an alkaline earth metal that

can substitute for Ca in lattice sites, are complex, including growth

rate, Sr concentration, water-rock interaction, PCP, and aeolian intro-

duction of Sr sources (Fairchild and Treble, 2009). In Chapter 4 (Cross

et al., 2015), we found that Sr/Ca ratios did not strongly reflect PCP

until drying (indicated by δ13C and Mg/Ca) began. The overall Sr pat-

tern is noticeably different than most of our other trace metal signals

and is not strongly correlated with any of them. Sr, like δ13C, evinces

a general decrease moving forwards in time. We postulate that this

could represent a general increase in wetness, possibly due to the

growth of the continental ice sheet forcing winter storm tracks further

south (Anderson et al., 1988; Bromwich et al., 2004). The wet-dry-wet

pattern in Sr and δ234Uinitial between 14.6 ± 0.3 ka and 12.8 ± 0.5 ka is

noticeably muted compared to many (but not all) other trace metals,

and is actually opposite to what one might expect if PCP controlled
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Sr. However, we do not have high resolution, calibrated Sr/Ca data

for this time. Our carbon isotopes reach a peak in the middle of our

proposed wet-dry-wet trace metal cycle, increasing our confidence in

this interpretation, though we acknowledge our conventional carbon

isotope measurements average significant time.

5.4.3 Great Basin Paleoclimate and Paleohydrology

In Chapter 4, we found that during Termination II (T-II), wet condi-

tions persisted through H11 despite rising temperatures indicated by

our δ18O record. The end of H11 was marked by an abrupt drying.

Our δ18O values tracked CO2 and boreal summer insolation increase,

and seemingly showed no response to North Atlantic climate events.

Here, we find a similar response in our SIMS δ18O record, which fol-

lows the rising limb of boreal summer insolation out of the LGM. This

confirms the findings of Lachniet et al. (2014), who created a compos-

ite speleothem record of orbitally-paced climate using speleothems

from three different caves (See Figures 53 and 54), although the start

of δ18O rise is perhaps slightly earlier in our record. Additionally, this

is the first Lehman Caves record to cover this time period, extending

the Shakun et al. (2011), Cross et al. (2015) and the Steponaitis et al.

(2015) records, plus the Lehman Caves portion of the Lachniet et al.

(2014) record.

In our new record, drying began coincident with the start of BA

(14.6 ± 0.3 ka) after a wet Heinrich stadial, and returned to wet condi-
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tions at the end of the BA. These conditions and the general disconnect

between temperature and moisture on a millennial scale is well sup-

ported by other regional records. Oviatt (1997) reported drops in Lake

Bonneville water levels at the end of Heinrich stadials 1 and 2 and

the YD, with a significant regression between 14 and 13 ka (in radio-

carbon years), citing the influence of the fluctuating size and shape

of the Laurentide ice sheet on westerly winter storm tracks. Lacus-

trine carbonates indicate Lake Bonneville was at a highstand between

levels began receding at 15.9 ka, followed by rapid dessication begin-

ning at 14.7 ka (McGee et al., 2012), supporting findings of a rapid

regression from the Provo shoreline at 15 ka (Godsey et al., 2011).

Between 12.9 and 11.2 ka, the Great Salt Lake rose to a highstand,

forming the Gilbert shoreline (Oviatt et al., 2005), and remained at

a highstand for at least part of the YD. Similarly, Lake Lahontan lev-

els fell rapidly from a highstand at 15.5 ka, remaining low until 13.3

to 13.1 ka (Benson et al., 2013). Outside the Great Basin, the Cave of

the Bells record in Arizona shows a shift to higher values (less win-

ter precipitation) at 15.3 ka that last until 13.1 ka. In short, evidence

of drying corresponding to the BA and wet conditions during the YD

and H1 is found throughout the Great Basin and parts of the Ameri-

can West (e. g., (Godsey et al., 2011; McGee et al., 2012; Munroe and

Laabs, 2013b; Oster et al., 2009; Oviatt et al., 1992). Further examples

of the disconnect between moisture and temperature are discussed

in Section 4.4.3, where we attribute the enhancement of Great Basin

precipitation during Heinrich stadials to AMOC suppression and the

179



5.4 discussion

strengthening of the Aleutian low (Chiang et al., 2014; Okumura et al.,

2009).

A recent study and compilation of data from Lakes Lahontan and

Bonneville, however, suggests that the pattern of North Atlantic cold

period/wet Great Basin during Heinrich stadials prior to when the

maximum extent of the Laurentide ice sheet was reached did not hold

(Benson et al., 2013). and that the dynamics of this large, fluctuating

ice sheet altered the path of the jet stream in a way that was not active

during events with a smaller ice sheet. Instead, H3, and 4, and perhaps

2 were associated with lake lowstands, although lacustrine carbon-

ates from Bonneville indicate greater effective precipitation during

H2. Interestingly, we note low trace element signals associated with

H3. Also, an odd pattern is associated with the end of H 4, which, if

we interpret in the same way as our BA trace elements, indicates a

shift from drier to wetter conditions. A better understanding of non-

alkaline earth trace metals will improve our understanding of these

times and whether Lehman Caves records support this suggestion of

dry Heinrich stadial during times of lesser ice sheet extent.
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Figure 53: Comparison of WR-41-b δ18O values and XRF results with regional and global records
(Andersen et al., 2004; Lachniet et al., 2014; Steponaitis et al., 2015; Moseley et al., 2016;
Winograd et al., 1992, 2006; Wagner et al., 2010; Asmerom et al., 2010). The dark curves
(also indicated by an asterisk) on the Lehman Caves δ18O axis are the Steponaitis et al.
(2015) δ18O values. As the Pinnacle Cave δ18O values are on the Leviathan Cave cave
scale, as presented in Lachniet et al. (2014); in Chapter 4 (Cross et al., 2015) we discuss
the failures of this dripwater correction to bring different Great Basin cave δ18O values
into line.
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Figure 54 (previous page): Similar to Figure 53, except focused on the results
in the relatively fast growing upper portion of WR-
41-b, between 20 – 13 ka (Andersen et al., 2004;
Lachniet et al., 2014; Steponaitis et al., 2015; Mose-
ley et al., 2016; Winograd et al., 1992, 2006; Wagner
et al., 2010; Asmerom et al., 2010). The YD and H1

are indicated by the labeled gray bars, which are
drawn with the same timings as those in (Wang
et al., 2001). The dark curves (also indicated by an
asterisk) on the Lehman Caves δ18O axis are the
Steponaitis et al. (2015) δ18O values. Our conven-
tional acid-digestion δ18O values (ice-volume cor-
rected) between 17 ka and 13.8 ka range from -12.5
to -11.9 and are plotted as empty points behind our
SIMS curve in medium blue and the 500 year cen-
tered running mean in light blue. These points are
included as absolute values of our SIMS curve can-
not be directly compared to those of other Lehman
Caves speleothems due to the offset between con-
ventional and SIMS oxygen isotope values.

5.5 conclusions

In this chapter, we replicated and expanded previous Great Basin δ18O

chronologies with a new 80 – 13 ka record. The timing of deglaciation

in this record, beginning at approximately 22 ka, is earlier than indi-

cated by Lachniet et al. (2014) and increases in CO2 (Shakun et al.,

2012), which we cited as a driver of temperature change in the Great

Basin during the penultimate deglaciation (see Chapter 4). However,

this inflection point is located between two dates (see Figures 51 and

52) and the actual growth rate may differ from that indicated by our

interpolation. Alternatively, the timing of this point may be correct,

confirming the strong connection to summer insolation via circula-

tion responses to insolation-controlled sea and continental ice cited
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by (Lachniet et al., 2014). Further warming may have been driven by

CO2 increase. Our multiproxy record captures the BA in detail, show-

ing an excursion to low signals beginning at 14.6 ± 0.3 ka, which

we interpret as decreased mobilization and transport of trace metals,

with recovery completed by 13.0 ± 0.4 ka, confirming reports from

lake studies of dry conditions during this time. We may have also

recorded dry conditions during some Heinrich stadials (3, 4), in con-

trast to what we would expect and has been indicated for H1, 2, and 11.

The resolution of our record at these times, however, is relatively poor,

and we lack field data on trace metal mobilization, transport, and or-

ganic colloids/particulate matter at Lehman Caves to make a more

nuanced and definitive interpretation. On the whole, our multiproxy

record and chronology show that slow-growth speleothems with low-

moderate uranium concentrations are viable and even promising as

samples for paleoclimatic reconstruction of extended periods.
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6
C O N C L U S I O N S

6.1 lehman caves speleothems and great

basin (hydro)climate

Since the inception of this work in 2011, a number of strides have

been made in understanding past Great Basin climate and water bal-

ance. The Lehman Caves δ18O record has been expanded from 133

– 129 ka to 5 – 84 ka and 115 – 175 ka, encompassing two deglacia-

tions, numerous North Atlantic millennial-scale climate events, and

Holocene climate change Figure 55. Significantly, general Great Basin

climate change has been reconciled with orbital theory (Moseley et al.,

2016) after nearly 25 years of debate and research (Herbert et al., 2001;

Shakun et al., 2011; Winograd et al., 1992; Winograd, 2002).

In this thesis, I presented two records of Great Basin climate and

hydrological change using speleothems from Lehman Caves, Nevada.

The first, presented in Chapter 4 and previously published (Cross

et al., 2015), dates to 139 – 129 ka and includes additional growth

phases at 123 ka, 84 ka, and 82 – 81 ka; the second is presented in

Chapter 5 and appears to be continuous throughout the period from
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(hydro)climate
13 – 80 ka. These records were constructed using δ18O values and

various measures of water balance and infiltration rates (δ13C values,

Mg/Ca and Sr/Ca ratios, other trace metals).

I propose that in the Great Basin, δ18O values largely track tempera-

ture change. Modern cave water δ18O values are close to mean winter

and mean cold season values (Figure 13), indicating that recharge is

largely dominated by winter precipitation, with potentially only mi-

nor input from summer/warm season precipitation. It is possible that

changing seasonality or moisture source contributes to the δ18O sig-

nal in the Lehman Caves records presented here. However, this is un-

likely to be significant; in areas with notable seasonality changes, the

magnitudes of δ18O changes are much greater (Asmerom et al., 2010;

Wagner et al., 2010). In Chapter 3, I analyzed potential controls on

precipitation δ18O values and found that the strongest relationships

were with ambient temperature during moisture uptakes and ambi-

ent temperature during the precipitation event. Using the calculated

0.52‰/°C precipitation δ18O isotope – temperature relationship and

a calcite-water temperature-dependent fractionation of ∼-0.2‰/°C

(Dansgaard, 1964), net temperature dependence is 0.32‰/°C. This

results in a 6-7°C increase over the last deglaciation and a ∼11°C in-

crease over the penultimate deglaciation. These temperature changes

are not unreasonable (Affek et al., 2008; Hostetler and Benson, 1990;

Kaufman, 2003; Quade et al., 2003; Shakun and Carlson, 2010).

In contrast, δ13C values, Mg/Ca and Sr/Ca ratios, and other trace

metals reflect hydrological variables. The work of Steponaitis et al.
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(hydro)climate
(2015) in characterizing cave water Mg and Sr geochemistry and the

strong correlation with δ13C at times indicates that the main control

on Mg/Ca and δ13C at Lehman Caves is prior calcite precipitation

(PCP). During dry conditions with low infiltration rates, greater cal-

cite precipitation and CO2 degassing occurs upstream in the epikarst,

leading to increased Mg/Ca and δ13C enrichment (Fairchild and Tre-

ble, 2009). Other trace metals, however, are consistent with different

facets of hydrology. In particular, rare earth elements (REE or REY if

Y is included) in speleothems are controlled by weathering, mobiliza-

tion, transport, and competition processes and are associated with or-

ganic particles/colloids (Borsato et al., 2007; Richter et al., 2004; Zhou

et al., 2008b). We currently lack field data from Lehman Caves on the

nature of organic particulate matter and colloids – rare earth elements

plus Y (REY) and transition metal relationships and the hydrological

factors driving these processes. However, in the limited number of

speleothem studies using these trace metals, it has been found that

trace metal concentrations increase during wet conditions, indicating

greater weathering, mobilization, and transport of these elements ad-

sorbed onto organic particles/colloids, and that colloid/particle size

may play a role in relative abundances (Hartland et al., 2012). There-

fore, in high resolution portions of our record in Chapter 5, we inter-

pret our trace elements patterns as a general measure of wet vs dry

conditions, where strong signals indicate wet conditions. Further ex-

ploration of REY and transition metals in Lehman Caves speleothems

and waters and development of records of these metals in tandem
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(hydro)climate
with Mg and Sr analyses holds great promise for a truly multidimen-

sional perspective on hydrological changes in the Great Basin.

As a general rule, Held and Soden (2006) predicted that these hydro-

logical changes occurred and will occur as follows: dry places such as

the Great Basin in a warming world become drier, while in a cooling

world such dry places become wetter. Records from lake level studies

indicate that this is largely true: large lakes exist during glacial peri-

ods because of a net positive water balance due to southward deflec-

tion of the jet stream resulting in increasing precipitation and cooler

temperatures (Anderson et al., 1988; Bromwich et al., 2004). However,

on shorter timescales, temperature and moisture can become uncou-

pled. This is particularly evident during the last and penultimate

deglaciations, which follow similar patterns in the Great Basin. A

Heinrich stadial is associated with each deglaciation, and through this

Heinrich stadial wet conditions persisted despite rising temperatures

(e. g.,, (Munroe and Laabs, 2013b; Shakun et al., 2015)). These temper-

ature increases, following boreal summer insolation, were caused by

increasing CO2 concentrations (which we cite in Chapter 4) and/or

circulation changes caused by the effects of summer insolation on sea

and continental ice (as postulated by Lachniet et al. (2014)). The purg-

ing of ice into the Atlantic Ocean, however, resulted in suppression

of Atlantic Meridional Overturning Circulation (AMOC) and strength-

ening of the Aleutian Low, which enhanced moisture delivery to the

Great Basin region (Chiang et al., 2014; Okumura et al., 2009), a link

which has been demonstrated in studies of modern conditions (En-
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(hydro)climate

Figure 55: Since the Shakun et al. (2011) record (darkest curve) was published, supporting the or-
bital – Great Basin climate connection challenged by the Devils Hole record (Winograd
et al., 1992), significant work has been done to obtain an absolute-dated, speleothem
based record of Great Basin climate. For Lehman Caves, this record now stretches from
the Holocene back to MIS6 thanks to the efforts of several research teams. The contribu-
tions made by this work are shown in the two lightest colors.

field et al., 2001; McCabe et al., 2004; Sutton and Hodson, 2005, 2007).

These wet conditions were followed by abrupt drying (e. g.,, (Munroe

and Laabs, 2013a)). This pattern is evident in the records I have pre-

sented here, demonstrating connections between Great Basin climate

with the North Atlantic.
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6.2 contributions to the scientific commu-

nity

The work presented in this thesis has numerous implications for fu-

ture research in both paleoclimatology and other fields. The δ13C

and Mg/Ca records of PCP and δ18O record of temperature and/or

changing seasonality of precipitation during Termination II (T-II) dis-

cussed in Chapter 4 and Cross et al. (2015) represent the first multi-

dimensional record of this time in the Great Basin, giving us a signifi-

cantly more complete picture of this dynamic period and highlighting

regional and global connections. The δ18O and trace element records

presented in Chapter 5 expand this multi-dimensional picture, reach-

ing from the Bølling-Allerød (BA) to 80 ka and filling in a significant

gap in the composite Lehman Caves record (Figure 55). These anal-

yses could be applied to Great Basin speleothem records dating to

other times and from other locations, providing a broader picture of

regional hydroclimate.

Several technical achievements were also realized during the course

of this work. The δ18O and trace element record presented in Chap-

ter 5 is the first of its kind: a long-term speleothem climate record

derived from Secondary Ion Mass Spectrometry (SIMS) analysis and

other microsampling techniques. Also, the uranium-thorium dating

in both Chapters 4 and 5 pushed the limits of current analytical

techniques in terms of sample size and cleanliness. Multiple dates

with 238U contents less than 0.5 ng were successfully measured with
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relatively low errors. Blank values for 230Th and 234U were consis-

tently recorded in range of tens of attograms (Appendix G). These

advances prove the use of extremely slow-growing speleothems for

paleoclimate studies is feasible, broadening the limited range of ac-

ceptable samples. On a larger scale, the wider scientific community

were directly impacted by my release of two Python software packages.

TrendVis (Appendix C, (Cross, 2015b)), a higher-level Application

Program Interface (API) for matplotlib, the core Python plotting li-

brary, provides users with a free, open-source package to create a

highly complex type of plot which is commonly used in paleoclima-

tology but was previously difficult and laborious to produce. Since its

release, TrendVis has been brought under the official matplotlib um-

brella, gaining thousands of new users. The second package, PySPLIT

(Chapters 2 and 3, (Cross, 2015a)), is the only package for HYbrid Sin-

gle Particle Lagrangian Trajectory (HYSPLIT) trajectory analysis in the

mainstream scientific Python ecosystem. PySPLIT permits the efficient,

reproducible analysis of orders of magnitude more trajectories in a

fraction of the time than can be managed manually, and interfaces

with matplotlib, Basemap, and geopandas for extensive visualization

and geospatial analysis options.
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A
M O I S T U R E U P TA K E I M P L E M E N TAT I O N

a.1 introduction

Atmospheric moisture transport is a critical part of the climate sys-

tem. In paleoclimatology, many records are interpreted on the basis

of changes in source region or other aspects of moisture delivery. To

test these hypotheses, complementary studies of modern precipita-

tion isotopic composition may be performed. These studies often em-

ploy Lagrangian trajectory analysis. Qualitative approaches assume

that changes in specific humidity are due to evaporation and precipi-

tation rather than mixing, and determine the following:

1. moisture uptake magnitudes and locations

2. whether the uptakes are from the surface or occur higher in the

atmosphere

3. the relative contributions of each uptake to the moisture arriving

at the study site.

The algorithm developed and described by Sodemann et al. (2008b)

determines all of the above and has been applied to numerous study
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A.1 introduction

areas using HYbrid Single Particle Lagrangian Trajectory (HYSPLIT)

back trajectories. HYSPLIT is particularly amenable to these studies,

having a robust academic userbase and low barriers to entry. However,

no researcher to date has released their code, which is critical for

transparency, replication, and efficiency.

In this appendix, I present my implementation of Sodemann et al.

(2008b)’s moisture uptake algorithm. This highly flexible implementa-

tion was written in the Python programming language, which has a

diverse scientific and open-source community, and included as part

of the package PySPLIT (Chapter 2, (Cross, 2015a)). PySPLIT is a freely

and publicly available package for HYSPLIT trajectory generation, anal-

ysis, and visualization. It was recently rewritten in late 2015 to use

geopandas data structures (Jordahl), bringing the performance and

extensive features of the geographically-oriented version of the top

data analysis library in Python to trajectory analysis workflows. The

algorithm and particular details of the implementation are discussed

as we walk through the code.
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A.2 determining moisture sources and contributions

a.2 determining moisture sources and contri-

butions

a.2.1 The Call

To begin the moisture uptake calculation, the function

moisture_uptake() is called on a PySPLIT (backwards) Trajectory

called exampletraj:

exampletraj.moisture_uptake(precipitation, evaporation, interval=6,

vlim=’pbl’, pressure_level=900.0,

mixdepth_factor=1, humidity=’Specific_Humidity’)

There are two parameters users must supply (precipitation,

evaporation), and a number of others that may be edited. Below is

the docstring containing a description of these parameters, complete

with type information, suggested or default values, and definitions.

"""

Moisture uptakes for back trajectories.

Parameters

----------

precipitation : float

Suggested -0.2. The change in humidity below (not inclusive) which

precipitation is considered to have occurred.

evaporation : float

Suggested 0.2 to 0.5. The change in humidity above

(not inclusive) which evaporation is considered to have occurred

interval : int

Default 6. The number of hourly timesteps between humidity checks.

Assumes that either evaporation or precipitation dominate over

a short period of time (like 6 hours).

Example: a 30-hour back trajectory will have an initial

humidity data point at -30, then check again at -24, -18, -12,

-6, and 0.
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A.2 determining moisture sources and contributions

vlim : string

Default ’pbl’. [’pbl’|’prs’|’both’]

Criterion for distinguishing surficial and other moisture sources:

below the planetary boundary layer, below a given

``pressure_level``, or both. Pressure and altitude are averaged

over the entire ``interval`` (e.g., from -29 to -24)

pressure_level : float

Default 900.0. The pressure level defined as equivalent to the

planetary boundary layer.

mixdepth_factor : int or float

Default 1. The value by which to adjust the parcel average

mixed layer depth. Use if mixed layer depth seems to be under-

or over-estimated.

humidity : string

Default ’Specific_Humidity’. The humidity parameter to use to

calculate moisture uptakes.

"""

These parameters provide a high degree of flexibility for the user, al-

lowing them to appropriately adjust the sensitivity of the algorithm in

terms of both moisture change and vertical discrimination. Sodemann

et al. (2008b), for example use an evaporation parameter of 0.2 g/kg

and an adjusted mixed layer (vlim=’pbl’, mixdepth_factor=1.5 in

this function) as their vertical criterion. Krklec and Domínguez-Villar

(2014); Baldini et al. (2010) employ a less sensitive 0.5 g/kg evapora-

tion parameter and use a pressure level of 900.0 hPa. Both setups and

many others are possible with this implementation.

a.2.2 Initializing the Data Table

Once the function is called, several items are initialized:

1 points = []

2
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3 # Gives 164, 158, 152, 146 ... 0 etc for a 6 hour window

4 windows = self.index[::-interval]

5

6 self.uptake = gp.GeoDataFrame(data=np.empty((windows.size, 13)),

7 columns=[’DateTime’, ’Timestep’,

8 ’Cumulative_Dist’,

9 ’Avg_Pressure’,

10 ’Avg_MixDepth’, ’q’,

11 ’dq_initial’, ’dq’, ’above’,

12 ’below’, ’unknown_total’,

13 ’above_total’, ’below_total’],

14 dtype=np.float64)

15

16 # Get all the timesteps, set as index

17 self.uptake.loc[:, ’Timestep’] = windows[::-1]

18

19 self.uptake.set_index(’Timestep’, inplace=True, drop=False)

20

21 # fill up with NaNs

22 self.uptake.loc[:, [’dq_initial’, ’dq’, ’above’, ’below’]] = None

23

24 # (fake) midpoint

25 mdpt = interval // 2

In line 4, the timesteps at the specified interval are retrieved in

order from earliest (i) to latest (0). These timesteps are the starting

points for the windows of time inspected by the algorithm. In lines

6 – 14, the data table is initialized as an empty GeoDataFrame of float-

ing point values with thirteen columns and headers, and number of

rows equivalent to the number of windows determined in line 4. The This moisture uptake

GeoDataFrame is

stored as

Trajectory.

uptake, separate

from the main

Trajectory data

GeoDataFrame.

Timestep column of self.uptake is filled with windows (line 17), and

set as the row index (line 19). Several columns are filled with NaN val-

ues later ease of handling. The last initialization item is determining

the midpoint of the user-defined interval via floor division, which

accommodates a potential odd interval.
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Next, we begin filling the data table. In this code snippet, we gather

pressure and mixing depth information:

27 # Average over the whole window

28 for w in windows:

29 # print(’interval’, self.loc[w: w - (interval - 1), ’Timestep’])

30 (self.uptake.loc[w, ’Avg_Pressure’],

31 self.uptake.loc[w, ’Avg_MixDepth’]) = (

32 self.loc[w: w - (interval - 1),

33 [’Pressure’, ’Mixing_Depth’]].mean())

Iterating over each window in windows (line 28), we average the

corresponding Trajectory pressure and mixing depth data (lines 30

– 33) within that window. For example, with a 30-hour back trajectory

and a 6-hour interval, t = −30 is the first item in windows. As the

last timestep in this scenario, t = −30 is alone in its window. So, the

average pressure and mixing depth in this window, row -30 in our

data table, are merely the pressure and mixing depth at t = −30. For

row -24 data, we average the pressure and mixing depth data from

t = −24 – t = −29, and place the results into the row. This process is

repeated through t = 0 – t = −5, and then we move to the next step:

35 # First timestep

36 (self.uptake.loc[windows[0], ’DateTime’],

37 self.uptake.loc[windows[0], ’Cumulative_Dist’],

38 self.uptake.loc[windows[0], ’q’]) = (

39 self.loc[windows[0], [’DateTime’, ’Cumulative_Dist’, humidity]])

40

41 self.uptake.loc[windows[0], ’unknown_total’] = 1.0

42 self.uptake.loc[windows[0], [’above_total’, ’below_total’]] = 0.0

43

44 points.append(self.loc[windows[0], ’geometry’])

As our earliest timepoint, t = −30, exists in its own window, data

acquisition is relatively simple. In lines 36 – 39, the date/time, along-

trajectory distance from t = 0, and humidity at t = −30 are acquired
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from timestep -30 and placed into row -30. The location of t = −30 is

also collected (line 44).

As the history of the parcel is unknown to us before t = −30, the hu-

midity attribution fractions are respectively set to 1.0 and 0.0 for our

unknown sources, called unknown_total, and known sources, consist-

ing of above_total and below_total. These three fractions represent

running accounts of moisture attribution. The fractional contributions

of individual windows to the end moisture at t = 0 is stored in the

above or below columns. These two columns were filled NaNs to start,

in recognition that an uptake will not occur in every window.

The unknown_total, above_total, below_total, above, and below

terminology corresponds to the “dtot”, “etot”, and “ftot”,“e”, and “f”

terminology of Sodemann et al. (2008b). The switch to more verbose

labels was made for additional clarity.

Next, we cycle through all windows after the first, following a

slightly modified and expanded version of this procedure:

46 for w in windows[1:]:

47 (self.uptake.loc[w, ’DateTime’],

48 self.uptake.loc[w, ’Cumulative_Dist’]) = (

49 self.loc[w - mdpt, [’DateTime’, ’Cumulative_Dist’]])

50

51 self.uptake.loc[w, ’q’] = self.loc[w, humidity]

52

53 z = np.mean([pt.z for pt in self.loc[w:w - (interval - 1),

54 ’geometry’]])

55

56 points.append(Point([self.loc[w - mdpt, ’geometry’].x,

57 self.loc[w - mdpt, ’geometry’].y, z]))

58

59 # set dq initial for timepoints after the earliest:

60 self.uptake.loc[w, ’dq_initial’] = (

61 self.uptake.loc[w, ’q’] -
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62 self.uptake.loc[w - interval, ’q’])

63

The date/time information and along-trajectory distance from t = 0

for the remaining windows are gathered from the window midpoint

(lines 47 – 49), while the humidity, q, is collected from start of the

window (e. g.,, t = −24, t = −18, etc.) Geographic information is

obtained from the window midpoint, and altitude is the mean altitude

of the entire window (lines 53 – 57).

In lines 59 through 62, we calculate the window to window change

in humidity, dq_initial. The dq_initial set in this step will be pre-

served throughout the rest of the moisture uptake procedure. The

column dq initially matches dq_initial in windows where moisture

uptakes occur, but as we will see gets adjusted when precipitation oc-

curs and eventually reflects the absolute contribution of each window

to the specific humidity at t = 0.

Once this loop is complete, only two steps remain before the up-

take and contribution analysis can begin. First, The list of geographic

points acquired from each window becomes the “geometry” column

of the data table, and second, the existence of mixing depth data is as-

certained. If the data does not exist, then vlim is changed to indicate

that a pressure level is the vertical criterion. Otherwise, the mixing

depth data is adjusted by mixdepth_factor:

64 # Set geometry for new gdf

65 self.uptake[’geometry’] = points

66

67 # Check that mixing depth data actually exists for this trajectory

68 if self.loc[:, ’Mixing_Depth’].all(None):

69 vlim = ’prs’
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70 else:

71 self.uptake.loc[:, ’Avg_MixDepth’] = (

a.2.3 Calculating Uptake and Contribution

At this point, much of the data table is filled in; our earliest window

(row -30, t = −30) is complete. The remainder of this implementation

occurs in a loop over all windows after the earliest window, first de-

termining which previous windows’ results in the above, below, and

dq need to be adjusted; then analyzing the moisture change in the

current window and completing the adjustments to the previous win-

dows.

The adjustments to previous windows are a crucial part of this al-

gorithm, as they quantify the contributions of moisture uptakes to

the final moisture composition of the parcel. Contributions of earlier

parcels naturally become less consequential as additional evaporation

and precipitation occurs later in the trajectory. We are filling out a

table that has information from previous and future windows, and

pandas and geopandas have particular indexing idiosyncrasies that

need to be satisfied.

74 for wnum, w in enumerate(windows[1:]):

75 is_above = pd.Series([False] * len(self.uptake),

76 index=self.uptake.index, dtype=bool)

77 is_above.loc[windows[:wnum + 1]] = (

78 self.uptake.loc[windows[:wnum + 1], ’above’].notnull())

79

80 is_below = pd.Series([False] * len(self.uptake),

81 index=self.uptake.index, dtype=bool)

82 is_below.loc[windows[:wnum + 1]] = (

83 self.uptake.loc[windows[:wnum + 1], ’below’].notnull())

224



A.2 determining moisture sources and contributions

In the code snippet above, we determine which rows we need to

adjust. To do this, we create 1-dimensional Boolean pandas series

(is_above and is_below) of the same size as the number of rows in

our uptake GeoDataFrame. Each entry is initially False. We inspect the

above or below columns in previous windows for values that are not

NaN (these columns were initially filled with NaNs), indicating evapo-

ration has occurred; these become True entries in our Boolean arrays.

85 if self.uptake.loc[w, ’dq_initial’] > evaporation:

86 # set dq

87 self.uptake.loc[w, ’dq’] = self.uptake.loc[w, ’dq_initial’]

88

89 # Adjust previous fractions

90 self.uptake.loc[is_above, ’above’] = (

91 self.uptake.loc[is_above, ’dq’] / self.uptake.loc[w, ’q’])

92

93 self.uptake.loc[is_below, ’below’] = (

94 self.uptake.loc[is_below, ’dq’] / self.uptake.loc[w, ’q’])

In the above code snippet, the next step is to test for evaporation by

comparing dq_initial to the evaporation threshold. If dq_initial

is greater, meaning evaporation has occurred, then the current win-

dow’s dq is set, and the above and below fractions from the previous

windows are reset using their dq’s and the current window’s humidity

(q).

Since evaporation has occurred, we must determine whether this

uptake occurred above our below the vertical criterion or criteria:

96 is_surface = False

97 if vlim is ’prs’:

98 if self.uptake.loc[w, ’Avg_Pressure’] > pressure_level:

99 is_surface = True

100

101 elif vlim is ’pbl’:

102 if (self.uptake.loc[w, ’geometry’].z <
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103 self.uptake.loc[w, ’Avg_MixDepth’]):

104 is_surface = True

105

106 else:

107 if (self.uptake.loc[w, ’Avg_Pressure’] > pressure_level and

108 (self.uptake.loc[w, ’geometry’].z <

109 self.uptake.loc[w, ’Avg_MixDepth’])):

110 is_surface = True

Our determination is then used to initialize the dictionary contain-

ing the correctly ordered tuple of data column names and Boolean

Series:

112 fracname_dict = {True: (’below’, ’above_total’, is_above,

113 ’below_total’, is_below),

114 False: (’above’, ’below_total’, is_below,

115 ’above_total’, is_above)}

116

117 fracs = fracname_dict[is_surface]

Using these column names and the Boolean Series, the appropriate

fractional contribution, above or below is set, followed by the cumula-

tive known and unknown moisture fractions.

119 # set new below (is_surface) or above

120 self.uptake.loc[w, fracs[0]] = (self.uptake.loc[w, ’dq’] /

121 self.uptake.loc[w, ’q’])

122

123 # Set new above_total (is_surface) or below_total

124 self.uptake.loc[w, fracs[1]] = (

125 self.uptake.loc[fracs[2], ’dq’].sum() /

126 self.uptake.loc[w, ’q’])

127

128 # set new below_total (is_surface) or above_total

129 self.uptake.loc[w, fracs[3]] = (

130 (self.uptake.loc[fracs[4], ’dq’].sum() +

131 self.uptake.loc[w, ’dq’]) / self.uptake.loc[w, ’q’])

132

133 # Set new unknown fraction

134 self.uptake.loc[w, ’unknown_total’] = 1.0 - (

135 self.uptake.loc[w, ’above_total’] +

136 self.uptake.loc[w, ’below_total’])

226



A.2 determining moisture sources and contributions

However, if evaporation did not occur during this window, the cur-

rent window’s above, below, and dq entries remain NaNs and the cu-

mulative fractions are simply carried over from the previous window.

This carryover occurs whether or not precipitation has occurred, as

precipitation affects only the final contribution quantities (dq), not the

fractional contributions.

138 else:

139 # copy previous total fractions

140 self.uptake.loc[w, ’above_total’] = (

141 self.uptake.loc[w - interval, ’above_total’])

142 self.uptake.loc[w, ’below_total’] = (

143 self.uptake.loc[w - interval, ’below_total’])

144 self.uptake.loc[w, ’unknown_total’] = (

145 self.uptake.loc[w - interval, ’unknown_total’])

Once these values are copied, we must test for precipitation. If the

current dq_initial is less than the precipitation threshold, then the

previous dq values are adjusted using their above or below fractions

and the current window’s q.

147 if self.uptake.loc[w, ’dq_initial’] < precipitation:

148 # Adjust previous dq

149 self.uptake.loc[is_below, ’dq’] = (

150 self.uptake.loc[is_below, ’below’] *
151 self.uptake.loc[w, ’q’])

152

153 self.uptake.loc[is_above, ’dq’] = (

154 self.uptake.loc[is_above, ’above’] *
155 self.uptake.loc[w, ’q’])

The end result of this procedure is a GeoDataFrame containing the

moisture uptakes and their contributions to the final humidity. The

results can be visualized using procedures similar to those described

in Section 2.5.
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This appendix contains tables of data pertaining to the precipitation

isotope back trajectory and moisture uptake analysis of Chapter 3

(Section B.1) as well as supplementary figures (Section B.2).

b.1 data tables

Table 4, the first table, compiles the monthly and seasonal precipita-

tion isotope and moisture uptake results of Chapter 3. The following

four tables contain the monthly and seasonal moisture uptake results

for our general Great Basin back trajectory and moisture uptake anal-

ysis, one table per location: Lehman Caves (Table 5), Leviathan Cave

(Table 6), Goshute Cave (Table 7), and Devils Hole (Table 8).
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Table 4: Results of back trajectory moisture uptake analysis of the GBNP trajectories associated with precipitation events.

Distance Lat. Long. δ18O δD Deuterium Uptake Temp. t=0 Temp. Uptake Traj.*
(km) (DD) (DD) (‰) (‰) Excess (‰) (°C) (°C) Count Count

Dec 1828± 1461 39.20 −126.19 −17.9± 5.7 −133.3± 39.1 9.5± 10.8 9.57± 5.58 −6.78± 4.02 70 13

Jan 1337± 692 35.01 −140.14 −19.1± 0.2 −144.8± 2.2 8.1± 3.7 9.76± 5.43 −8.22± 0.27 8 2

Feb 1003± 634 39.43 −119.80 −14.4± 2.6 −100.2± 21.3 15.1± 3.1 13.47± 5.63 −8.25± 2.64 19 5

Winter 1593± 1311 39.02 −126.07 −17.1± 5.1 −126.3± 37.1 10.7± 9.4 10.52± 5.82 −7.24± 3.63 97 20

Mar 2914± 2128 40.41 −136.02 −15.3± 2.0 −119.0± 10.4 3.5± 5.5 7.09± 4.64 −11.43± 1.78 12 4

Apr 1502± 1209 46.03 −130.22 −14.6± 3.9 −106.6± 32.1 9.9± 6.2 13.35± 8.52 −5.56± 3.48 26 9

May 730± 43 54.36 −129.68 −11.7± −96.5± −3.3± 15.84± 2.70 0.65± 5 1

Spring 1525± 1445 45.49 −131.92 −13.9± 3.3 −105.8± 25.1 5.0± 7.7 12.98± 7.31 −4.79± 4.85 43 14

Jun 874± 309 34.79 −118.32 −6.8± 6.5 −54.8± 30.1 −0.8± 34.5 23.92± 7.12 5.85± 1.96 19 5

Jul 1050± 77 38.06 −120.29 1.1± −32.5± −41.2± 29.00± 4.85 18.05± 3 1

Aug 1347± 615 31.25 −113.72 −7.9± 1.5 −54.0± 9.2 9.4± 3.8 29.62± 6.33 13.69± 2.34 29 4

Summer 1132± 541 32.99 −115.76 −7.0± 4.8 −53.3± 21.2 2.6± 25.2 27.18± 7.18 10.59± 4.68 51 10

Sep 961± 625 42.78 −124.53 −11.1± 3.1 −82.1± 21.4 6.9± 6.0 24.42± 8.30 8.07± 6.36 27 5

Oct 1279± 401 43.76 −124.20 −13.4± 0.9 −91.8± 6.5 15.6± 0.4 12.95± 4.73 −3.44± 0.48 9 2

Nov 1683± 1526 39.42 −129.34 −13.6± 3.5 −99.4± 23.3 9.0± 4.7 17.81± 7.20 −3.85± 5.98 12 3

Aut 1191± 963 42.17 −125.69 −12.1± 3.2 −88.0± 21.7 8.8± 6.0 20.95± 8.77 3.27± 8.14 48 10
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Table 5: Results of back trajectory and moisture uptake analysis of rain-producing 7-day back trajectories arriving at Lehman
Caves. No rain-producing, low integration error trajectories were identified for July.

Distance Latitude Longitude Uptake Temp. t=0 Temp. Uptake Trajectory*
(km) (DD) (DD) (°C) (°C) Count Count

December 2080± 1572 38.26 −126.30 11.18± 6.34 −7.64± 2.75 78 16

January 1664± 1648 41.50 −127.00 11.97± 5.21 −7.43± 3.50 64 15

February 1201± 960 39.31 −124.49 13.35± 5.61 −8.08± 1.88 49 11

Winter 1685± 1498 39.61 −126.07 12.07± 5.82 −7.69± 2.85 191 42

March 1636± 1257 38.99 −133.11 11.52± 5.49 −6.52± 2.42 44 16

April 1851± 1523 43.64 −128.59 11.62± 8.79 −5.58± 3.38 29 7

May 1456± 981 42.57 −122.70 13.85± 7.98 0.93± 3.40 36 12

Spring 1622± 1246 41.50 −128.51 12.24± 7.10 −4.08± 4.44 109 35

June 1307± 580 41.27 −122.66 17.39± 10.81 2.58± 3.00 24 7

July - ± - - - - ± - - ± - 0 0

August 1103± 651 31.02 −115.90 26.37± 7.74 12.60± 3.13 32 5

Summer 1159± 639 35.44 −118.57 23.89± 9.57 9.84± 5.44 56 12

September 874± 370 37.72 −118.18 30.61± 9.09 11.52± 3.69 24 5

October 1969± 1462 39.53 −124.86 13.61± 9.51 −0.33± 4.35 39 10

November 1927± 1162 42.53 −126.31 14.44± 8.75 −4.90± 4.61 38 10

Autumn 1506± 1174 40.26 −123.73 20.84± 12.26 3.30± 8.23 101 25
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Table 6: Results of back trajectory and moisture uptake analysis of the rain-producing 7-day back trajectories arriving at
Leviathan Cave.

Distance Latitude Longitude Uptake Temp. t=0 Temp. Uptake Trajectory*
(km) (DD) (DD) (°C) (°C) Count Count

December 2203± 1400 38.46 −135.03 10.18± 6.60 −6.93± 4.62 76 21

January 2381± 2322 38.64 −130.53 13.01± 5.46 −8.48± 4.26 38 10

February 1448± 963 34.28 −126.48 13.58± 5.39 −7.78± 1.56 32 7

Winter 2074± 1662 37.63 −131.91 11.73± 6.23 −7.55± 4.06 146 38

March 2177± 2278 44.95 −135.99 7.00± 8.04 −9.95± 1.50 26 9

April 2339± 1480 50.53 −162.38 6.99± 3.69 −9.68± 3.16 15 6

May 1624± 1361 40.03 −121.97 19.31± 14.89 −0.28± 4.96 24 6

Spring 1982± 1812 45.30 −135.44 12.09± 12.49 −5.90± 5.94 65 21

June 1715± 1094 39.08 −121.01 17.48± 9.15 2.55± 1.93 17 4

July 877± 249 35.56 −119.99 29.33± 4.40 11.63± 1.12 9 3

August 1011± 626 33.83 −120.45 26.80± 9.50 8.03± 1.23 16 3

Summer 1141± 768 36.34 −120.57 25.38± 9.12 8.05± 3.88 42 10

September 835± 145 37.88 −120.94 31.93± 7.62 8.45± 0.94 10 2

October 2111± 1302 32.45 −121.58 17.63± 4.91 0.33± 1.99 23 4

November 1785± 1143 34.58 −124.89 17.06± 5.82 −4.17± 2.10 22 5

Autumn 1586± 1145 34.30 −122.78 22.12± 9.23 1.49± 5.48 55 11
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Table 7: Results of back trajectory and moisture uptake analysis of the rain-producing 7-day back trajectories arriving at
Goshute Cave. No rain-producing, low integration error trajectories were identified for July.

Distance Latitude Longitude Uptake Temp. t=0 Temp. Uptake Trajectory*
(km) (DD) (DD) (°C) (°C) Count Count

December 1524± 1547 45.33 −136.51 8.16± 5.43 −8.42± 3.34 54 18

January 2713± 2032 44.73 −133.12 9.61± 6.23 −6.62± 3.71 29 13

February 1619± 1675 46.28 −131.52 8.66± 6.78 −9.22± 2.23 34 11

Winter 1769± 1740 45.48 −134.25 8.57± 6.02 −8.32± 3.26 117 42

March 1814± 1796 44.74 −141.54 10.52± 5.89 −7.07± 3.13 43 18

April 2456± 1685 39.70 −128.47 10.67± 8.00 −5.98± 2.99 52 13

May 1514± 892 42.47 −124.58 11.58± 4.13 −2.28± 2.11 33 10

Spring 1957± 1615 42.27 −131.48 10.85± 6.35 −5.45± 3.45 128 41

June 1322± 736 40.62 −125.20 16.35± 6.36 2.25± 2.57 34 6

July - ± - - - - ± - - ± - 0 0

August 1012± 393 34.81 −116.64 29.16± 6.14 12.11± 3.12 18 2

Summer 1214± 655 38.66 −122.05 20.79± 8.76 5.67± 5.45 52 8

September 815± 285 38.13 −117.44 29.93± 10.13 9.16± 5.48 27 6

October 1923± 1325 39.36 −126.06 19.79± 9.06 1.08± 4.02 51 12

November 2307± 1907 47.38 −149.07 11.24± 8.66 −6.62± 4.99 27 8

Autumn 1579± 1380 41.56 −128.67 21.85± 11.82 2.53± 7.70 105 26
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Table 8: Results of back trajectory and moisture uptake analysis of the rain-producing 7-day back trajectories arriving at Devils
Hole. No rain-producing, low integration error trajectories were identified for June.

Distance Latitude Longitude Uptake Temp. t=0 Temp. Uptake Trajectory*
(km) (DD) (DD) (°C) (°C) Count Count

December 3240± 2364 40.28 −138.91 13.40± 5.44 −5.84± 3.72 48 12

January 2866± 1752 33.75 −129.56 13.38± 4.01 −4.68± 1.76 15 4

February 1840± 1217 34.56 −131.68 13.92± 4.76 −6.52± 1.33 33 10

Winter 2636± 2013 37.36 −134.80 13.60± 5.01 −5.95± 2.82 96 26

March 3417± 1411 35.98 −126.16 7.34± 6.80 −4.91± 4.99 22 5

April 3823± 3409 46.61 −149.69 12.84± 5.96 −9.36± 1.20 15 5

May 444± 164 38.24 −125.10 17.85± 4.88 −6.15± 0.00 8 1

Spring 2480± 2429 40.44 −132.93 12.34± 7.53 −6.43± 3.68 45 11

June - ± - - - - ± - - ± - 0 0

July 1825± 393 33.54 −112.34 30.99± 5.64 10.27± 0.15 12 2

August 645± 342 35.60 −120.49 29.90± 10.22 14.34± 0.73 13 2

Summer 1124± 684 34.68 −116.53 30.34± 8.67 12.69± 2.08 25 4

September 1219± 428 52.66 −141.79 14.68± 3.76 3.55± 0.00 6 1

October - ± - - - - ± - - ± - 0 0

November 2015± 1188 40.46 −123.32 8.10± 11.00 −8.92± 2.58 14 2

Autumn 1540± 911 44.40 −128.00 12.03± 8.22 −1.48± 6.33 20 4
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b.2 figures

These figures were created in the process of the trajectory analysis

described in Chapter 3.
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B.2 figures

Figure 56: The upper map shows the full suite of trajectories with acceptable integration error,
while the lower panel contains only those trajectories launched at 1000 m above ground
level at our origin in GBNP.
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B.2 figures

Figure 57: The clusters in the top panel indicate the dominant patterns in the trajectories below.
Trajectory color represents the vertical shear associated with the precipitation event;
cluster color is the mean value of all member trajectories. Certain paths are associated
with greater shear than others.
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figures

Figure 58: Moisture flux analyses are useful in regions subject to large seasonal variations in humidity and precipitation like
eastern and southeastern Asia (see Figure 6). Lehman Caves is beyond the reach of the American monsoon, however,
and seasonal moisture flux shows no coherent pattern.
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B.2
figuresFigure 59: The trajectories producing rain at each location are plotted in the corresponding panels. Most Great Basin trajectories

arrive from the south to northwest. However, a few summer and autumn trajectories travel west to the Great Basin
from mid-continent or the Gulf of Mexico.
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C
TRENDVIS : A N E L E G A N T I N T E R FA C E

F O R D E N S E , S PA R K L I N E - L I K E ,

Q U A N T I TAT I V E V I S U A L I Z AT I O N S O F

M U LT I P L E S E R I E S

summary

TrendVis1 is a plotting package that uses matplotlib to create TrendVis is

compatible with

Python versions 2.6,

2.7, 3.3 or 3.4, and

is available on

GitHub at

https://github.com/

matplotlib/trendvis,

or can be

downloaded via $

pip install -U

trendvis.

information-dense, sparkline-like, quantitative visualizations of mul-

tiple disparate data sets in a common plot area against a common

variable. This plot type is particularly well-suited for time-series data.

We discuss the rationale behind and the challenges associated with

adapting matplotlib to this particular plot style, the TrendVis API

and architecture, and various features available for users to customize

and enhance the readability of their figures while walking through a

sample workflow.

1 This appendix was previously published in the Proceedings of the 14th Annual
Scientific Computing with Python Conference: Cross, M. TrendVis: an elegant
interface for dense, sparkline-like, quantitative visualizations of multiple series
using matplotlib. In Proceedings of the 14th Annual Scientific Computing with Python
conference, Austin, TX, July (2015)b. SciPy 2015. Minor code corrections and ad-
justments have been made from the original text.
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c.1 introduction

Data visualization and presentation is a key part of scientific commu-

nication, and many disciplines depend on the visualization of mul-

tiple time-series or other series datasets. The field of paleoclimatol-

ogy (the study of past climate and climate change), for example, re-

lies heavily on plots of multiple time-series or “depth series”, where

data are plotted against depth in an ice core or stalagmite, for exam-

ple. These plots are critical to place new data in regional and global

contexts and they facilitate interpretations of the nature, timing, and

drivers of climate change. Figure 60, created using TrendVis, com- Other TrendVis

figures in this thesis

include all or parts

of Figures 27, 28, 29,

30, and 31.

pares stalagmite records of climate and hydrological changes that oc-

curred during the last two deglaciations, or “terminations”. Ice core

records of carbon dioxide (black) and methane (pink) (Petit et al.,

1999) concentrations and Northern Hemisphere summer insolation

(the amount of solar energy received on an area, gray) are also in-

cluded.
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Figure 60 (previous page): A TrendVis figure illustrating the silmilarities and
differences among climate records from Israel (Bar-
Matthews et al., 2003), China (Wang et al., 2001;
Dykoski et al., 2005; Wang et al., 2008), Italy (Drys-
dale et al., 2005), the American Southwest (Wag-
ner et al., 2010; Asmerom et al., 2010), and the
Great Basin region (Winograd et al., 1992, 2006;
Lachniet et al., 2014; Shakun et al., 2011) between
the last deglaciation and the penultimate deglacia-
tion (respectively known as T-I and T-II). Most of
these records are stalagmite oxygen isotope records
- oxygen isotopes, depending on the location, may
record temperature changes, changes in precipita-
tion seasonality, or other factors. All data are avail-
able online as supplementary materials or through
the National Climatic Data Center

Creating such plots can be difficult, however. Many scientists de-

pend on expensive software such as SigmaPlot and Adobe Illustrator. Before I started

learning Python, I

carefully pasted

together Excel charts

in Inkscape to make

these plots.

With pure matplotlib (Hunter, 2007), users have two options: dis-

play data in a grid of separate subplots or overlaid using twinned

axes. This works for two or three traces, but does not scale well.

The ideal style in cases with larger datsets is the style shown in Fig-

ure 60: a densely-plotted figure that facilitates direct comparison of

curve features. The key aim of TrendVis, available on GitHub, is to

enable the creation and readability of these plots in the scientific

Python ecosystem using a matplotlib-based workflow. Here we dis-

cuss how TrendVis interfaces with matplotlib to construct and for-

mat this complex plot type as well as several challenges faced while

we walk through the creation of Figure 60.
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C.2 the trendvis figure framework

c.2 the trendvis figure framework

The backbone of TrendVis is the Grid class, in which the figure, ba-

sic attributes, and orientation-agnostic methods are initialized. Grid

should only be initialized through one of its two subclasses, XGrid Importing TrendVis

will only expose four

items: XGrid, YGrid,

make_grid(), and

plot_data().

and YGrid. As a common application of these types of plots is time-

series data, we will examine TrendVis from the perspective of XGrid.

in XGrid, the x axis is shared among all the datasets, and y axes are

individual – in the terminology of TrendVis, x axes are the main axes,

and y axes are the stacked axes. This is reversed for YGrid. A graphical

representation of XGrid is show in Figure 61.

TrendVis figures appear to consist of a common plot space. This,

however, is an illusion carefully crafted via a framework of axes and a

mechanism to systematically hide extra axes spines, ticks, and labels.

This framework is created when the figure is initialized:

1 paleofig = XGrid([7, 8, 8, 6, 4, 8], xratios=[1, 1], figsize=(6, 10))

First, let’s examine the construction of this framework. The over- TrendVis figures

are actually made up

of grids of axes.
all area of the figure is determined by figsize, which is passed to

matplotlib. The relative sizes of the rows ( ystack_ratios, the first

argument), however, is determined by the contents of ystack_ratios

and the sum of ystack_ratios (self.gridrows), which in this case is

41. Similarly, the contents and sum of xratios (self.gridcols) deter-

mine the relative sizes of the columns. So, all axes in paleofig are

initialized on a 41 row, 2 column grid within the 6 x 10 inch space set

by figsize. The axis in position 0,0 (Figure 61), spans 7/41 unit rows
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C.2 the trendvis figure framework

Figure 61: In XGrid, stackdim refers to the number of rows of y axes and
maindim indicates the number of columns. This is reversed in
YGrid. Both dimension labels begin in XGrid.axes[0][0].
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C.2 the trendvis figure framework

(0 through 6) and the first unit column; the next axis created spans

the same unit rows and the second unit column, finishing the first

row of paleofig. The next row spans 8 unit rows, numbers 7 through

15, and so on. All axes in the same row share a y axis, and all axes in

the same column share an x axis. This axes creation process, shown

in the code below, is repeated for all the values in ystack_ratios and

xratios, yielding a figure with 6 rows and 2 columns of axes. The

code below and all other unnumbered snippets indicate an internal

process rather than part of the paleofig workflow.

xpos = 0

ypos = 0

# Create axes row by row

for rowspan in self.yratios:

row = []

for c, colspan in enumerate(self.xratios):

sharex = None

sharey = None

# All ax in row share y with first ax in row

if xpos > 0:

sharey = row[0]

# All ax in col share x with first ax in col

if ypos > 0:

sharex = self.axes[0][c]

ax = plt.subplot2grid((self.gridrows, self.gridcols), (ypos, xpos),

rowspan=rowspan, colspan=colspan,

sharey=sharey, sharex=sharex)

ax.patch.set_visible(False)

row.append(ax)

xpos += colspan

self.axes.append(row)
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C.2 the trendvis figure framework

# Reset x position to left, move to next y pos

xpos = 0

ypos += rowspan

Axes are stored in paleofig.axes as a nested list, where the sublists

contain axes in the same rows. Next, two parameters that dictate spine

visibility are initialized:

paleofig.dataside_list

This list indicates where each row’s y axis spine, ticks and label

are visible. This by default alternates sides from left to right (top

to bottom in YGrid), starting at left, unless indicated otherwise

during the initialization of paleofig, or changed later on by the

user.

paleofig.stackpos_list

This list controls the x (main) axis visibility. Each row’s entry is Possible entries in

this list include

none and both.
based on the physical location of the axis in the plot; by default

only the x axes at the top and bottom of the figure are shown

and the x axes of the middle rows are invisible. Each list is ex-

posed and can be user-modified, if desired to meet the demands

of the particular figure.

These two lists serve as keys to TrendVis formatting dictionaries

and as arguments to axes (and axes child) methods. At any point, the

user may call:

2 paleofig.cleanup_grid()

and this method will systematically adjust labelling and limit

axis spine and tick visibility to the positions indicated by
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C.2 the trendvis figure framework

paleofig.dataside_list and paleofig.stackpos_list, transform-

ing the mess in Figure 62 to a far clearer and more readable format in Generalizing this

method was crucial

to making

multicolumn XGrid

and multirow YGrid

plots possible.

Figure 61.
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Figure 62 (previous page): Freshly initialized XGrid. After running
XGrid.cleanup_grid() (and two formatting
class adjusting the spinewidth and tick appear-
ance), the structure of Figure 61 is left, in qhich
stack spines are staggered, alternating sides
according to XGrid.dataside_list, starting at left.

c.3 creating twinned axes

Although for large datasets, using twinned axes as the sole plotting

tool is unadvisable, select usage of twinned axes can improve data

visualization. In the case of XGrid, a twinned axis is a new axis that

shares the x axis of the original axis but has a different y axis on

the opposite side of the original y axis. Using twins allows the user

to directly overlay datasets. TrendVis provides the means to easily

and systematically create and manage entire rows (XGrid) or columns

(YGrid) of twinned axes.

In our paleofig, we need four new rows:

3 paleofig.make_twins([1, 2, 3, 3])

4 paleofig.cleanup_grid()

This creates twinned x axes, one per column, across the four

rows indicated and hides extraneous spines and ticks, as shown

in Figure 63. As with the original axes, all twinned axes in Sharing y (stacked)

axes among twins

was difficult to

enforce, as it is not

an option during

initialization.

a column share an x axis, and all twinned axes in the twin

row share a y axis. The twin row information is appended to

paleofig.dataside_list and paleofig.stackpos_list and twinned

axes are stored at the end of the list of axes, which pre-
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viously contained only original rows. If the user decides to

get rid of twin rows (paleofig.remove_twins()), paleofig.axes,

paleofig.dataside_list, and paleofig.stackpos_list are returned

to their state prior to adding twins.

c.4 accessing axes

Retrieving axes, especially when dealing with twin axes in a fig-

ure with many hapazardly created twins, can sometimes be non-

straightforward. The following means are available to return individ-

ual axes from a TrendVis figure:

paleofig.fig.axes[axes index]

matplotlib stores axes in a 1D list in Figure in the order of By exposing Figure,

TrendVis makes it

easier to apply

custom formatting.

creation. This method is easiest to use when dealing with an

XGrid of only one column.

paleofig.axes[row][column]

An XGrid stores axes in a nested list in the order of creation, no

matter its dimensions. Each sublist contains all axes that share

the same y axis- a row. The row index corresponds to the stor-

age position in the list, not the actual physical position on the

grid, but in original axes (those created when paleofig was ini-

tialized) these are the same.

paleofig.get_axis()

Any axis can be retrieved from paleofig by providing its
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Figure 63: The results of paleofig.make_twins(), performing another grid
cleanup, and some minor tick/axis formatting.
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C.5 plotting and formatting

physical row number (and if necessary, column position) to

paleofig.get_axis(). Twins can be parsed with the keyword

argument is_twin, which directs paleofig.twin_rownum() to

find the index of the sublist containing the twin row.

In the case of YGrid, the row, column indices are flipped:

YGrid.axes[column][row]. Sublists correspond to columns rather

than rows.

c.5 plotting and formatting

The original TrendVis procedurally generated a simple, 1-column ver-

sion of XGrid. Since the figure was made in a single function call,

all data had to be provided at once in order, and it all had to be

line/point data, as only Axes.plot() was called. TrendVis still pro-

vides convenience functions make_grid() and plot_data() to enable

easy figure initialization and quick line plotting on all axes with

fewer customization options. the regular object-oriented Application

Program Interface (API) is designed to be a highly flexible wrapper

around matplotlib. Axes are readily exposed via the matplotlib and

TrendVis methods described above, and so the user can determine

the most appropriate plotting functions for their figure. The author

has personally used Axes.errorbar(), Axes.fill_betweenx(), and

Axes.plot() on two published TrendVis figures (see figures 3 and Figures 28 and 29 in

Chapter 4.
4 in Cross et al. (2015)), which required the new object-oriented API.

Rather than make individual calls to plot on each axis, we will use
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the convenience function plot_data(). The datasets have been loaded

from a spreadsheet into individual 1D NumPy (Van Der Walt et al.,

2011) arrays containing age information or climate information:

5 plot_data(paleofig, [[(sorq_age, sorq, ’#008080’)],

6 [(hu_age, hu, ’#00FF00’, [0]),

7 (do_age, do, ’#00CD00’, [0]),

8 (san_age, san, ’green’, [1])],

9 [(co2age, co2, ’black’)],

10 [(cor_age, cor, ’maroon’, [1])],

11 [(dh_age, dh, ’#FF6103’)],

12 [(gb_age, gb, ’#AB82FF’), (leh_age, leh, ’red’, [1])],

13 [(insol_age, insol, ’0.75’)],

14 [(ch4_age, ch4, ’orchid’)],

15 [(fs_age, fs, ’blue’)],

16 [(cob_age, cob, ’#00BFFF’)]],

17 marker=None, lw=2, auto_spinecolor=False)

Using plot_data(), simple line plotting only requires a tuple of the The

auto_spinecolor

keyword is False in

this call only to

postpone the

discussion of this

feature.

x and y values and the color in a sublist in the appropriate row order.

Some tuples have a fourth element that indicates which column the

dataset should be plotted on. Without this element, the dataset will

be plotted on all, or in this case both columns. Setting different x axis

limits for each column will mask this fact.

Although plots individualized on a per axis basis may be important

to a user, most aspects of axis formatting should generally be uniform.

In deference to that need and to potentially the sheer number of axes

in play, TrendVis contains wrappers designed to expedite these repet-

itive axis formatting tasks, including setting major and minor tick

locators and dimensions, axis labels, and axis limits.

18 paleofig.set_ylim([(3, -7, -2), (4, 13.75, 16), (5, -17, -9),

19 (6, 420, 520), (7, 300, 725), (8, -11.75, -5)])

20

21 paleofig.set_xlim([(0, 5, 24), (1, 123.5, 142.5)])
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22

23 paleofig.reverse_yaxis([0, 1, 3])

24

25 paleofig.set_all_ticknums([(5, 2.5), (5, 2.5)],

26 [(2, 1), (2, 1), (40, 20), (2, 1), (1, 0.5),

27 (2, 1), (40, 20), (100, 25), (2, 1), (2, 1)])

28

29 paleofig.set_ticks(major_dim=(7, 3), labelsize=11, pad=4, minor_dim=(4, 2))

30

31 paleofig.set_spinewidth(2)

32

33 # Special characters for axis labels

34 d18o = r’$\delta^{18}\!O$’

35 d13c = r’$\delta^{13}\!C$’

36 co2label = r’$CO_{2}$’

37 ch4label = r’$CH_{4}$’

38 vpdb = ’ ’ + ur’$\u2030$’ + ’ (VPDB)’

39 vsmow = ’ ’ + ur’$\u2030$’ + ’ (VSMOW)’

40

41 paleofig.fig.suptitle(’Age (kyr BP)’, y=0.065, fontsize=16)

42

43 paleofig.set_ylabels([d18o + vpdb, d18o + vpdb, co2label + ’ (ppmv)’,

44 d18o + vpdb, d18o + vsmow, d18o + vpdb,

45 r’$W/m^{2}$’, ch4label + ’ (ppmv)’, ’’,

46 d18o + vpdb, d13c + vpdb], fontsize=13)

In this plot style, there are two other formatting features that are

particularly useful: moving data axis spines, and automatically color-

ing spines and ticks. The first involves the lateral movement of data Axis and tick labels

are left black because

changing their color

does not add to and

often decreases

readability.

axis (y axis in XGrid, x axis in YGrid) spines into or out of the plot

space. Although the default TrendVis behavior is alternating the data

axis spines from left to right, resulting in space between data axis

spines, adding twin rows disrupts this pattern and spacing, as shown

in Figure 64. This problem is exacerbated when compacting the fig-

ure, which is a typical procedure in this plot type, to improve both

the look of the figure and its readability. The solution in XGrid plots

is to move spines laterally- along the x dimension- out of the way of
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Figure 64: Figure after plotting paleoclimate time series records, editing the
axes limits, and setting the tick numbering and axis labels. At this
point it is difficult to see which dataset belongs to which axis and
to clearly make out the twin axis numbers and labels.
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each other, into or out of the plot space. TrendVis provides means to

expedite the process of moving spines:

47 # Make figure more compact:

48 paleofig.fig.subplots_adjust(hspace=-0.4)

49

50 # Move spines

51 # Shifts are in fractions of figure

52 # Absolute position calc as 0 - shift (ax at left)

53 # or 1 + shift (for ax at right)

54 paleofig.move_spines(twin_shift=[0.45, 0.45, -0.2, 0.45])

In the above code, all four of the twinned visible y axis spines

are moved by an individual amount; the user may set a uni-

versal twin_shift or move the y axis spines of the original A universal

twin_shift is not

feasible for this

figure due to the

second twin of axis

3.

axes in the same way. Alternatively, all TrendVis methods and

attributes involved in paleofig.move_spines() are exposed, and

the user can edit the axis shifts manually and then see the re-

sults via paleofig.execute_spineshift(). As the user-provided

shifts are stored, if the user changes the arrangement of visible

y axis spines (via paleofig.set_dataside() or by directly altering

paleofig.dataside_list), then all the user needs to do to get the old

relative shifts applied to the new arrangement is get TrendVis to cal-

culate new spine positions (paleofig.absolute_spineshift()) and

perform the shift (paleofig.execute_spineshift()).

Although the movement of y axis spines allows the user to read

each axis, there is still a lack of clarity in which curve belongs with

which axis, which is a common problem for this plot type. TrendVis’

second useful feature is automatically coloring the data axis spines

and ticks to match the color of the first curve plotted on that axis.

As we can see in Figure 65, this draws a visual link between axis
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and data, permitting most viewers to easily see which curve belongs

against which axis.

54 paleofig.autocolor_spines()

c.6 visualizing trends

Large stacks of curves are overwhelming to viewers. In complicated

figures, it is critical to not only keep the plot area tidy and link axes

with data, as we saw above, but also to draw the viewer’s eye to es-

sential features. This can be accomplished with shapes that span the

entire figure, highlighting areas of importance or demarcating partic-

ular spaces. In paleofig, we are interested in the glacial terminations. Figure 28 uses both

demarcating and

highlighting shapes.
T-II coincided with a North Atlantic cold period, while during T-I there

were two cold periods interrupted by a warm interval:

55 # Termination I needs three bars, get axes that will

56 # hold the lower left, upper right corners of bar

57 ll = paleofig.get_axis(5)

58 ur = paleofig.get_axis(0)

59 alpha = 0.2

60

61 paleofig.draw_bar(ll, ur, (11, 12.5), alpha=alpha, edgecolor=’none’,

62 facecolor=’green’)

63 paleofig.draw_bar(ll, ur, (12.5, 14.5), alpha=alpha, edgecolor=’none’,

64 facecolor=’yellow’)

65 paleofig.draw_bar(ll, ur, (129.5, 136.5), alpha=alpha, edgecolor=’none’,

66 facecolor=’green’)

67

68 # Draw bar for Termination II, in column 1

69 paleofig.draw_bar(paleofig.get_axis(5, xpos=1),

70 paleofig.get_axis(0, xpos=1),

71 (129.5, 136.5), alpha=alpha, facecolor=’green’,

72 edgecolor=’none’)

73
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Figure 65: Although the plot is very dense, the lateral movement of spines and coloring them to
match the curves has greatly improved the readability of this figure relative to Figure 64.
The spacing between subplots has also been decreased.
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74 # Label terminations

75 ax2 = paleofig.get_axis(0, xpos=1)

76 ax2.text(133.23, -8.5, ’Termination II’, fontsize=14, weight=’bold’,

77 horizontalalignment=’center’)

78

79 ax1 = paleofig.get_axis(0)

80 ax1.text(14, -8.5, ’Termination I’, fontsize=14, weight=’bold’,

81 horizontalalignment=’center’)

The user provides the axes containing the lower left corner of the

bar and the upper right corner of the bar. In the vertical bars of

paleofig the vertical limits consist of the upper limit of the upper

right axis and the lower limit of the lower left axis. The horizontal up-

per and lower limits are provided in data units, for example (11, 12.5).

The default zorder is -1 in order to place the bar behind the curves,

preventing data from being obscured. paleofig.

draw_bar() also

accepts any

matplotlib

Rectangle keyword

argument.

As these bars typically span multiple axes, they must be drawn in

Figure space rather than on the axes. This presents two challenges.

The first is converting data coordinates to figure coordinates. In the

private function _convert_coords(), we transform data coordinates

(dc) into axes coordinates, and then into figure coordinates:

ac = ax.transData.transform(dc)

fc = self.fig.transFigure.inverted().transform(ac)

The figure coordinates are then used to determine the width, height,

and positioning of the Rectangle in Figure space.

TrendVis strives to be as order-agnostic as possible. However, a

patch drawn in Figure space is completely divorced from the data

the patch is supposed to highlight. If axes limits are changed, or the
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vertical or horizontal spacing of the plot is adjusted, then the bar will

no longer be in the correct position relative to the data.

As a solution, for each bar drawn with TrendVis, the upper and

lower horizontal and vertical limits, the upper right and lower left

axes, and the index of the patch in XGrid.fig.patches are all stored

as XGrid attributes. Storing the patch index allows the user to make

other types of patches that are exempt from TrendVis’ patch reposi-

tioning. When any of TrendVis’ wrappers around matplotlib’s sub- Eventually,

TrendVis will

support more shapes

and non-Figure-

spanning

Rectangles.

plot spacing adjustment, x or y limit settings, etc are used, the user

can stipulate that the bars automatically be adjusted to new figure

coordinates. The stored data coordinates and axes are converted to

Figure space, and the x, y, width, and height of the existing bars

are adjusted. Alternatively, the user can make changes to axes space

relative to Figure space without adjusting the bar positioning and di-

mensions each time or without using TrendVis wrappers, and simply

adjust the bars at the end.

TrendVis also enables a special kind of bar, a frame. The frame is

designed to visually anchor data axis spines, and appears around an

entire column (row in YGrid) of data axes under the spines. However,

for paleofig we will use a softer division of our the columns by using

cut marks on the main axes to signify a broken axis:

82 paleofig.draw_cutout(di=0.075)

Similar to bars, frames are drawn in Figure space and can some-

times be moved out of place when axes positions are changed relative

to Figure space, thus they are handled in the same way. Cutouts, how-
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ever, are actual line plots on the axes that live in axes space and will

not be affected by adjustments in axes limits or subplot positioning.

With the cut marks drawn on paleofig, we have completed the dense

but highly readable plot shown in Figure 60.

c.7 conclusions and moving forward

TrendVis is a package that expedites the process of creating complex

figures with multiple x or y axes against a common y or x axis. It

is largely order-agnostic and exposes most of its attributes and meth-

ods in order to promote highly-customizable and reproducible plot

creation in this particular style. In the long-term, with the help of

the scientific Python community, TrendVis aims to become a widely-

used higher level tool for the matplotlib plotting library and alter-

native to expensive software such as SigmaPlot and MATLAB, and to

time-consuming, error-prone practices like assembling multiple Excel

plots in vector graphics editing software.
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Included in this appendix are a table of Mg/Ca and Sr/Ca data from

LC-2 (Table 9) and tables of δ18O, δ13C, Mg/Ca, and Sr/Ca data from

speleothems IR-3 and WR-41 (Tables 10, 11, 12, 13, and 14).

The stable isotope data for LC-2 was previously published in

Shakun et al. (2011). For more information on how the data presented

in this appendix were obtained, see Section 4.2.3 and Section 4.2.4.

Interpretations of these results can be found in Section 4.4.1 and Sec-

tion 4.4.2.

d.1 lc-2 proxy data

The original Termination II (T-II) Great Basin speleothem stable iso-

tope record was derived from LC-2 by Shakun et al. (2011). As pre-

viously mentioned, the data and a description of the stalagmite are

available in that manuscript and supplementary materials. Below is

our new trace element data for LC-2 from approximately 133 to 128

ka.
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Table 9: The values of the Mg/Ca and Sr/Ca ratios of LC-2. The resolution
varies between 5 mm in the upper and lower 200 mm of the record
to 10 mm in the middle 200 mm.

Depth Age Mg/Ca Sr/Ca
(mm) (ka) (mmol/mol) (µmol/mol)

1.0 128.28 8.1 34.2

5.0 128.39 6.0 24.7

10.0 128.53 8.7 30.3

15.0 128.67 9.6 38.7

20.0 128.81 5.2 24.1

25.0 128.95 3.6 28.2

30.0 129.09 4.0 28.2

35.0 129.23 4.7 32.0

40.0 129.35 5.8 38.6

45.0 129.48 4.6 32.7

50.0 129.58 4.6 28.8

55.0 129.69 4.0 28.3

60.0 129.79 5.1 27.0

65.0 129.88 3.6 28.3

70.0 129.96 3.8 33.2

75.0 130.04 4.3 33.8

80.0 130.11 4.2 30.0

85.0 130.17 4.6 24.4

90.0 130.24 3.8 23.2

95.0 130.3 3.6 27.2

100.0 130.35 3.9 22.6

105.0 130.4 3.5 22.4

110.0 130.45 4.0 23.4

115.0 130.49 4.0 21.8

120.0 130.52 3.5 24.9
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D.1 lc-2 proxy data

Table 9: LC-2 data continued...

Depth Age Mg/Ca Sr/Ca
(mm) (ka) (mmol/mol) (µmol/mol)

125.0 130.56 3.2 26.5

130.0 130.59 3.4 24.7

135.0 130.61 3.1 29.4

140.0 130.63 3.5 28.4

145.0 130.65 4.0 31.0

150.0 130.67 4.4 24.6

155.0 130.69 4.6 26.5

160.0 130.71 3.1 27.6

165.0 130.72 4.5 25.7

170.0 130.73 3.6 23.9

175.0 130.74 3.8 24.5

180.0 130.75 4.1 26.8

185.0 130.76 3.6 27.6

190.0 130.77 3.0 27.0

195.0 130.77 3.4 23.6

200.0 130.78 3.0 26.8

210.0 130.79 3.8 25.2

220.0 130.8 4.3 21.9

230.0 130.81 4.6 24.7

240.0 130.82 3.9 26.8

250.0 130.84 4.0 23.2

260.0 130.85 5.9 22.6

270.0 130.87 4.4 23.7

280.0 130.9 3.9 23.1

290.0 130.93 4.5 24.0

300.0 130.97 4.2 27.7
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Table 9: LC-2 data continued...

Depth Age Mg/Ca Sr/Ca
(mm) (ka) (mmol/mol) (µmol/mol)

310.0 131.01 3.8 26.0

320.0 131.05 3.9 24.7

330.0 131.11 3.4 26.9

340.0 131.17 3.6 28.8

350.0 131.23 3.2 25.9

360.0 131.3 2.6 30.9

370.0 131.38 3.0 32.6

380.0 131.47 2.7 29.8

390.0 131.56 2.8 31.9

400.0 131.65 3.3 26.8

405.0 131.7 3.6 27.6

410.0 131.75 2.1 29.4

415.0 131.6 4.2 23.7

420.0 131.85 3.1 22.6

425.0 131.91 3.7 24.6

430.0 131.96 5.4 26.5

435.0 132.01 3.9 22.8

440.0 132.07 4.0 22.8

445.0 132.12 2.5 25.2

450.0 132.18 4.1 26.7

455.0 132.24 3.6 30.9

460.0 132.29 3.0 25.8

465.0 132.35 3.3 23.0

470.0 132.4 3.2 27.2

475.0 132.46 6.0 36.5

480.0 132.51 3.7 31.1

265



D.1 lc-2 proxy data

Table 9: LC-2 data continued...

Depth Age Mg/Ca Sr/Ca
(mm) (ka) (mmol/mol) (µmol/mol)

485.0 132.57 3.7 30.2

490.0 132.62 4.1 33.1

495.0 132.67 3.8 32.9

500.0 132.72 6.3 38.6

505.0 132.77 4.2 33.3

510.0 132.82 4.0 31.8

515.0 132.86 3.9 31.2

520.0 132.91 3.6 29.4

525.0 132.96 6.3 35.9

530.0 132.99 3.0 32.3

535.0 133.03 3.6 30.4

540.0 133.07 2.7 33.4

545.0 133.1 3.0 31.6

550.0 133.13 4.1 33.9

555.0 133.16 3.6 31.2

560.0 133.18 4.5 29.2

565.0 133.2 4.0 28.8

570.0 133.21 5.1 30.0

575.0 133.22 5.3 32.3

580.0 133.22 3.2 28.5

585.0 133.23 4.2 30.3

590.0 133.23 3.4 27.4

595.0 133.23 3.0 26.6

600.0 133.24 4.7 36.7

605.0 133.24 4.9 38.3

610.0 133.24 3.8 34.7
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d.2 ir-3 and wr-41 proxy data

Stalagmite IR-3 is approximately 35 mm tall along the growth axis.

This speleothem consists of a 23 mm growth phase that grew between

131 and 129 ka and several thin, younger phases that are not part

of this study. The stable isotope and trace element data of the large

growth phase are below in Table 10.

WR-41 is approximately 183 mm long and has five growth phases.

The proxy data from four of these growth phases are included in

this section. The oldest growth period consists of a 107 mm calcite

phase that grew between 139 and 129 ka, a period of time that encom-

passes T-II and Heinrich Stadial (H) 11, and has both stable isotope

and trace element data (Table 11). Stable isotope and trace element

data were also both acquired from the next oldest growth phase, a 53

mm growth period dating to ∼123 ka (Table 12). The remaining two

phases included here grew at 84 ka and 82 – 81 ka and are 4 and 18

mm respectively; only stable isotope data is available for these phases

in Tables 13 and 14. For a discussion of the fifth and youngest growth

phase, please see Chapter 5. Supplementary data for that growth sec-

tion are available in Appendix E. For a graphical representation of

WR-41 growth and timing, see Figure 35.
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Table 10: The δ18O and δ13C values and Mg/Ca and Sr/Ca ratios from IR-3.
Corrected δ18O values indicate ice volume corrected δ18O values,
which were calculated using the ice volume correction procedure
and Python implementation outlined in Section H.3. The resolution
is at 0.5 mm for stable isotopes and 1 mm for trace elements.

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

0.5 129.18 −10.9 −11.0 −1.6

1.0 129.24 −9.9 −10.0 −0.3 5.1 32.7

1.5 129.35 −10.7 −10.9 −2.0

2.0 129.46 −10.5 −10.7 −1.6 4.3 34.3

2.5 129.57 −10.6 −10.7 −2.5

3.0 129.64 −10.6 −10.7 −1.9 4.3 35.0

3.5 129.72 −10.9 −11.0 −3.1

4.0 129.79 −10.9 −11.1 −2.8 4.4 32.0

4.5 129.87 −10.4 −10.7 −2.3

5.0 129.94 −10.9 −11.1 −2.6 3.7 36.1

5.5 130.02 −10.9 −11.2 −2.4

6.0 130.09 −10.6 −10.8 −2.7 3.5 33.0

6.5 130.17 −10.8 −11.1 −3.2

7.0 130.24 −11.2 −11.4 −3.3 4.2 31.3

7.5 130.32 −10.4 −10.7 −1.8

8.0 130.35 −10.5 −10.9 −2.0 4.4 31.7

8.5 130.39 −10.4 −10.7 −2.9

9.0 130.42 −10.5 −10.8 −2.9 4.0 33.3

9.5 130.45 −10.9 −11.2 −3.0

10.0 130.49 −11.3 −11.6 −3.0 4.1 31.4

10.5 130.52 −10.9 −11.2 −2.8

11.0 130.56 −10.8 −11.1 −2.5 4.0 33.0

11.5 130.59 −10.6 −10.9 −3.0
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Table 10: IR-3 data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

12.0 130.62 −11.0 −11.3 −2.9 4.2 33.6

12.5 130.66 −10.9 −11.2 −2.9

13.0 130.69 −10.4 −10.7 −2.6 4.5 32.3

13.5 130.73 −10.9 −11.2 −3.4

14.0 130.76 −10.8 −11.3 −3.1 4.1 31.6

14.5 130.79 −11.0 −11.4 −3.5

15.0 130.83 −10.9 −11.3 −3.3 3.9 31.3

15.5 130.86 −10.9 −11.3 −3.4

16.0 130.91 −10.6 −11.1 −3.2 3.5 30.5

16.5 130.96 −10.8 −11.2 −3.4

17.0 131.01 −10.5 −10.9 −3.0 3.2 28.5

17.5 131.06 −10.7 −11.1 −3.7

18.0 131.11 −10.8 −11.2 −3.5 2.8 27.7

18.5 131.16 −11.0 −11.4 −3.3

19.0 131.21 −10.7 −11.1 −4.1 3.1 25.9

19.5 131.26 −10.9 −11.3 −4.0

20.0 131.3 −10.5 −10.9 −3.3 3.4 26.0

20.5 131.35 −11.0 −11.4 −6.0

21.0 131.4 −11.0 −11.4 −4.3 3.3 25.3

21.5 131.45 −11.2 −11.6 −5.4

22.0 131.52 −11.3 −11.7 −5.8 3.8 24.7
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Table 11: The δ18O and δ13C values and Mg/Ca and Sr/Ca ratios from
the WR-41 growth period dating to approximately 139 to 129 ka.
Corrected δ18O values indicate ice volume corrected δ18O values,
which were calculated using the ice volume correction procedure
and Python implementation outlined in Section H.3. The blank line
indicates a break in the traverse down the speleothem. Trace ele-
ment resolution varies from 2 mm in faster growth sections to 1

mm elsewhere, while stable isotopes are generally at 0.5 mm reso-
lution.

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

75.0 129.74 −11.6 −11.8 −3.3 8.5 38.0

75.5 129.8 −10.3 −10.6 −0.1

76.0 129.86 −12.4 −12.7 −4.3 7.5 32.3

76.5 129.92 −11.9 −12.2 −4.0

77.0 129.98 −12.0 −12.2 −4.4 5.7 25.7

77.5 130.09 −11.8 −12.0 −4.6

78.0 130.19 −11.2 −11.5 −5.6 3.8 30.6

78.5 130.29 −11.7 −12.0 −6.9

79.0 130.39 −12.1 −12.4 −7.0 3.1 26.1

79.5 130.44 −12.7 −13.0 −7.5

80.0 130.48 4.3 23.8

80.5 130.53 −10.8 −11.1 −4.9

81.0 130.57 −10.6 −10.9 −4.6 4.0 24.6

81.5 130.62 −10.6 −10.9 −6.1

82.0 130.67 −11.6 −11.9 −7.5 2.9 26.6

82.5 130.71 −11.2 −11.5 −7.9

83.0 130.76 −12.1 −12.5 −8.4 2.1 25.5

83.5 131.06 −11.8 −12.2 −7.9

84.0 131.35 −12.1 −12.5 −7.3 3.4 26.7

84.5 131.65 −10.8 −11.3 −7.2

85.0 131.95 −10.5 −10.9 −5.4 3.4 18.3
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Table 11: WR-41 139 to 129 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

85.5 132.46 −10.6 −11.0 −5.7

80.0 130.48 −11.8 −12.1 −5.8

80.5 130.53 −12.0 −12.3 −6.5

81.0 130.57 −10.5 −10.8 −6.4 4.3 30.0

81.5 130.62 −11.7 −12.0 −7.0

82.0 130.67 −11.6 −12.0 −7.7

82.5 130.71 2.5 28.4

83.0 130.76 −11.2 −11.6 −7.8

84.0 131.35 −12.3 −12.7 −7.6 3.0 29.8

84.5 131.65 −11.6 −12.0 −7.2

85.0 131.95 −10.6 −11.0 −6.8 2.9 21.4

85.5 132.46 −11.5 −11.9 −6.6

86.0 132.98 −11.8 −12.3 −6.6 3.5 24.0

86.5 133.14 −11.1 −11.6 −6.4

87.0 133.31 −11.7 −12.3 −6.4 2.9 27.7

87.5 133.5 −12.7 −13.3 −6.4

88.0 133.69 −12.5 −13.1 −6.8 2.9 29.4

88.5 133.88 −12.8 −13.4 −7.3

89.0 134.07 −11.7 −12.3 −6.3 3.1 31.7

89.5 134.27 −12.2 −12.8 −7.4

90.0 134.46 −12.6 −13.3 −7.1 2.9 28.1

90.5 134.65 −12.6 −13.2 −6.7

91.0 134.84 −12.5 −13.1 −6.1 3.2 33.1

91.5 134.87 −12.2 −12.9 −6.9

92.0 134.9 −13.3 −14.0 −6.5 2.9 31.9

271



D.2 ir-3 and wr-41 proxy data

Table 11: WR-41 139 to 129 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

92.5 134.93 −13.1 −13.7 −6.7

93.0 134.96 −12.4 −13.0 −6.4 3.9 32.3

93.5 134.99 −12.9 −13.6 −6.9

94.0 135.02 −13.4 −14.0 −7.1

94.5 135.05 −12.7 −13.4 −7.2

95.0 135.08 −12.7 −13.3 −7.4

95.5 135.11 −12.6 −13.2 −7.1

96.0 135.14 −12.4 −13.1 −6.8

96.5 135.16 −12.4 −13.0 −6.5

97.0 135.18 −12.9 −13.6 −7.1 3.5 33.0

97.5 135.21 −13.1 −13.8 −6.4

98.0 135.23 −13.3 −13.9 −7.0

98.5 135.25 −13.3 −13.9 −7.2

99.0 135.28 −13.2 −13.9 −7.2 3.3 39.2

99.5 135.3 −13.5 −14.1 −6.6

100.0 135.32 −13.0 −13.7 −6.1

100.5 135.34 −12.5 −13.1 −5.1

101.0 135.37 −12.5 −13.1 −6.1

101.5 135.39 −12.9 −13.6 −6.5

102.0 135.41 −12.7 −13.4 −6.5

102.5 135.44 −12.9 −13.6 −6.1

103.0 135.46 −12.9 −13.6 −5.8 3.2 39.2

103.5 135.48 −12.4 −13.1 −6.0

104.0 135.51 −12.9 −13.6 −6.2

104.5 135.53 −12.9 −13.6 −6.3

105.0 135.55 −12.6 −13.3 −5.9 3.7 37.2
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Table 11: WR-41 139 to 129 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

105.5 135.58 −12.3 −13.0 −6.3

106.0 135.6 −12.6 −13.3 −6.9

106.5 135.62 −12.6 −13.3 −6.6

107.0 135.65 −12.6 −13.3 −5.5 3.9 35.5

107.5 135.67 −12.8 −13.5 −5.2

108.0 135.69 −12.6 −13.3 −6.3

108.5 135.72 −12.6 −13.3 −7.1

109.0 135.74 −12.8 −13.5 −6.3 3.7 38.7

109.5 135.76 −12.2 −12.9 −6.4

110.0 135.79 −12.8 −13.5 −6.4

110.5 135.81 −13.0 −13.7 −6.6

111.0 135.83 −12.3 −13.0 −5.9 3.3 36.3

111.5 135.86 −11.9 −12.6 −6.4

112.0 135.88 −12.4 −13.2 −6.2

112.5 135.9 −12.6 −13.3 −6.0

113.0 135.93 −11.3 −12.0 −6.3 4.5 36.6

113.5 135.94 −11.6 −12.3 −5.9

114.0 135.96 −12.0 −12.7 −7.4

114.5 135.97 −12.0 −12.8 −7.1

115.0 135.99 −12.5 −13.3 −6.6 3.0 36.7

115.5 136.0 −12.4 −13.2 −6.1

116.0 136.02 −12.5 −13.3 −6.6

116.5 136.03 −12.2 −12.9 −6.2

117.0 136.05 −12.8 −13.6 −5.4 3.4 39.0

117.5 136.06 −12.7 −13.5 −5.8

118.0 136.08 −12.7 −13.5 −6.1
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Table 11: WR-41 139 to 129 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

118.5 136.09 −12.8 −13.5 −6.0

119.0 136.11 −12.2 −13.0 −6.5 2.7 34.6

119.5 136.12 −12.5 −13.3 −6.6

120.0 136.14 −13.3 −14.1 −5.8

120.5 136.15 −13.1 −13.9 −6.0

121.0 136.17 −12.4 −13.2 −6.0 2.8 36.6

121.5 136.18 −12.5 −13.3 −6.2

122.0 136.2 −13.1 −13.9 −6.7

122.5 136.21 −12.8 −13.6 −6.3

123.0 136.23 −12.6 −13.4 −6.0 2.8 39.0

123.5 136.24 −12.7 −13.5 −5.6

124.0 136.26 −12.6 −13.4 −5.5

124.5 136.27 −11.9 −12.7 −4.3

125.0 136.29 −12.7 −13.5 −4.9 4.1 38.5

125.5 136.3 −12.7 −13.5 −5.8

126.0 136.32 −12.7 −13.5 −6.5

126.5 136.33 −12.3 −13.0 −6.5

127.0 136.35 −12.6 −13.3 −6.7 3.0 34.8

127.5 136.36 −12.6 −13.3 −6.7

128.0 136.38 −12.8 −13.6 −7.0

128.5 136.39 −13.2 −14.0 −6.5

129.0 136.41 −13.3 −14.1 −6.8 3.4 37.5

129.5 136.42 −13.1 −13.9 −6.7

130.0 136.44 −13.3 −14.1 −6.9

130.5 136.45 −12.9 −13.7 −7.0

131.0 136.47 −12.8 −13.6 −7.1 3.1 36.3
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Table 11: WR-41 139 to 129 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

131.5 136.48 −13.1 −13.9 −7.2

132.0 136.5 −13.1 −13.9 −6.8

132.5 136.51 −12.7 −13.5 −7.0

133.0 136.53 −13.3 −14.1 −7.3 3.2 33.7

133.5 136.54 −13.2 −14.0 −7.2

134.0 136.56 −13.0 −13.8 −6.7

134.5 136.57 −12.7 −13.5 −7.5

135.0 136.59 −12.7 −13.5 −7.2 3.7 35.8

135.5 136.6 −13.1 −13.9 −7.0

136.0 136.62 −13.1 −13.9 −7.0

136.5 136.63 −12.7 −13.5 −7.2

137.0 136.65 −12.7 −13.5 −6.8 3.5 36.3

137.5 136.66 −12.6 −13.5 −6.1

138.0 136.68 −13.1 −13.9 −6.3

138.5 136.69 −12.7 −13.5 −6.6

139.0 136.71 −13.2 −14.1 −6.6 3.0 37.0

139.5 136.72 −13.2 −14.1 −6.7

140.0 136.74 −12.5 −13.3 −6.2

140.5 136.76 −12.4 −13.3 −6.2

141.0 136.78 −12.2 −13.1 −6.7 3.1 39.6

141.5 136.88 −12.3 −13.2 −6.5

142.0 136.97 −12.5 −13.3 −6.2

142.5 137.06 −12.4 −13.3 −6.5

143.0 137.15 −12.5 −13.4 −7.1 3.1 38.4

143.5 137.24 −12.3 −13.2 −6.7

144.0 137.33 −12.7 −13.5 −6.7
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Table 11: WR-41 139 to 129 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

144.5 137.42 −12.7 −13.5 −6.4

145.0 137.51 −12.5 −13.3 −6.0 3.5 36.7

145.5 137.61 −12.6 −13.4 −6.0

146.0 137.7 −13.0 −14.0 −6.5

146.5 137.79 −12.4 −13.3 −6.7

147.0 137.88 −12.6 −13.6 −6.6 3.1 35.3

147.5 137.97 −12.3 −13.2 −6.8

148.0 138.06 −12.3 −13.2 −6.6

148.5 138.15 −12.6 −13.5 −6.9

149.0 138.24 −13.1 −14.0 −6.3 3.2 35.8

149.5 138.34 −12.6 −13.6 −6.7

150.0 138.43 −12.7 −13.7 −6.8

150.5 138.52 −13.0 −13.9 −7.3

151.0 138.61 −12.9 −13.8 −7.0 3.4 37.2

152.0 138.73 −12.3 −13.2 −6.9

153.0 138.84 −12.0 −12.9 −7.2 3.0 31.9

154.0 138.96 −11.8 −12.7 −6.3

155.0 139.08 −11.8 −12.7 −6.3 3.1 34.1
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D.2 ir-3 and wr-41 proxy data

Table 12: The δ18O and δ13C values and Mg/Ca and Sr/Ca ratios from the
WR-41 growth period dating to approximately 123 ka. Corrected
δ18O values indicate ice volume corrected δ18O values, which were
calculated using the ice volume correction procedure and Python
implementation outlined in Section H.3. Stable isotope resolution
is at 0.5 mm and trace elements were measured every 2 mm.

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

23.5 122.87 −12.1 −12.1 −4.3

24.0 122.87 −12.4 −12.4 −4.6

24.5 122.87 −13.2 −13.1 −5.4

25.0 122.88 −13.1 −13.1 −5.3 8.5 44.0

25.5 122.88 −11.9 −11.9 −5.5

26.0 122.88 −11.7 −11.6 −5.9

26.5 122.88 −12.7 −12.7 −5.6

27.0 122.89 −11.9 −11.9 −6.3 8.1 46.3

27.5 122.89 −12.1 −12.1 −6.0

28.0 122.89 −12.6 −12.5 −6.4

28.5 122.9 −12.6 −12.6 −5.9

29.0 122.9 −12.5 −12.4 −5.5 5.8 43.9

29.5 122.9 −12.3 −12.2 −5.0

30.0 122.9 −12.3 −12.2 −6.1

30.5 122.91 −12.7 −12.7 −7.3

31.0 122.91 −12.2 −12.1 −6.3 5.9 42.9

31.5 122.91 −12.6 −12.5 −7.0

32.0 122.91 −12.8 −12.7 −5.6

32.5 122.92 −12.8 −12.7 −5.7

33.0 122.92 −13.0 −13.0 −5.2 5.7 43.9

33.5 122.92 −11.9 −11.8 −4.0

34.0 122.92 −12.3 −12.3 −5.9

34.5 122.93 −11.9 −11.9 −6.1
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D.2 ir-3 and wr-41 proxy data

Table 12: WR-41 123 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

35.0 122.93 −11.9 −11.8 −5.3 8.2 42.9

35.5 122.93 −11.6 −11.5 −4.6

36.0 122.94 −12.4 −12.3 −5.1

36.5 122.94 −12.6 −12.6 −5.8

37.0 122.94 −11.9 −11.9 −5.7 8.7 43.3

37.5 122.94 −12.0 −12.0 −6.6

38.0 122.95 −11.8 −11.8 −6.5

38.5 122.95 −12.3 −12.2 −6.3

39.0 122.95 −11.7 −11.7 −5.0 7.2 41.6

39.5 122.95 −12.1 −12.0 −5.1

40.0 122.96 −12.2 −12.2 −5.3

40.5 122.96 −12.0 −11.9 −5.2

41.0 122.96 −11.9 −11.9 −5.1 9.1 47.8

41.5 122.96 −11.7 −11.7 −5.6

42.0 122.97 −11.8 −11.7 −4.9

42.5 122.97 −11.9 −11.9 −5.6

43.0 122.97 −11.6 −11.6 −5.4 8.4 44.7

43.5 122.97 −11.6 −11.6 −5.2

44.0 122.98 −12.3 −12.3 −6.4

44.5 122.98 −12.0 −12.0 −5.9

45.0 122.98 −11.6 −11.6 −6.0 6.9 39.6

45.5 122.98 −11.7 −11.7 −6.1

46.0 122.99 −11.9 −11.8 −6.8

46.5 122.99 −12.0 −11.9 −6.5

47.0 122.99 −11.3 −11.3 −5.9 7.9 39.2

47.5 122.99 −11.6 −11.6 −6.5
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D.2 ir-3 and wr-41 proxy data

Table 12: WR-41 123 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

48.0 123.0 −12.5 −12.4 −5.7

48.5 123.0 −12.3 −12.3 −5.2

49.0 123.0 −12.0 −12.0 −5.3 6.5 40.8

49.5 123.01 −12.2 −12.2 −5.5

50.0 123.01 −12.1 −12.1 −5.1

50.5 123.01 −12.3 −12.2 −5.7

51.0 123.01 −12.0 −12.0 −6.1 8.1 40.2

51.5 123.02 −12.1 −12.1 −5.7

52.0 123.02 −12.7 −12.7 −6.5

52.5 123.02 −12.4 −12.3 −6.2

53.0 123.02 −12.8 −12.7 −6.4 6.7 37.1

53.5 123.03 −12.8 −12.7 −6.4

54.0 123.03 −12.7 −12.7 −6.2

54.5 123.03 −12.7 −12.7 −6.4

55.0 123.04 −11.9 −11.9 −6.1 5.5 37.6

55.5 123.04 −12.3 −12.3 −6.4

56.0 123.04 −12.6 −12.6 −5.1

56.5 123.04 −13.5 −13.5 −5.9

57.0 123.05 −13.4 −13.4 −6.6 5.7 35.9

57.5 123.05 −13.0 −13.0 −6.3

58.0 123.05 −12.3 −12.3 −5.6

58.5 123.05 −13.0 −12.9 −5.7

59.0 123.06 −13.2 −13.2 −5.6 7.3 38.5

59.5 123.06 −13.3 −13.2 −6.3

60.0 123.06 −13.5 −13.5 −6.3

60.5 123.07 −14.0 −14.0 −6.6
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D.2 ir-3 and wr-41 proxy data

Table 12: WR-41 123 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

61.0 123.07 −14.0 −14.0 −6.5 5.9 36.5

61.5 123.07 −14.3 −14.2 −6.6

62.0 123.07 −14.6 −14.5 −7.3

62.5 123.08 −14.1 −14.1 −7.1

63.0 123.08 −13.8 −13.8 −6.4 4.8 43.2

63.5 123.08 −13.5 −13.4 −6.2

64.0 123.08 −13.6 −13.5 −6.9

64.5 123.09 −13.4 −13.4 −6.6

65.0 123.09 −13.7 −13.7 −6.8 4.3 40.0

65.5 123.09 −14.0 −13.9 −7.0

66.0 123.1 −13.4 −13.4 −6.5

66.5 123.1 −13.0 −12.9 −5.9

67.0 123.1 −12.9 −12.9 −6.6 5.2 36.8

67.5 123.1 −13.4 −13.4 −6.5

68.0 123.11 −12.9 −12.9 −5.8

68.5 123.11 −13.0 −13.0 −6.1

69.0 123.11 −13.6 −13.6 −7.4 4.2 42.5

69.5 123.11 −13.3 −13.2 −5.1

70.0 123.12 −12.8 −12.7 −5.0

70.5 123.12 −12.5 −12.5 −5.0

71.0 123.12 −12.4 −12.4 −6.1 5.8 37.4

71.5 123.13 −12.1 −12.1 −6.7

72.0 123.13 −11.8 −11.7 −6.2

72.5 123.13 −11.9 −11.9 −5.7

73.0 123.13 −12.5 −12.5 −6.5 6.2 36.0

73.5 123.14 −12.0 −11.9 −5.3
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D.2 ir-3 and wr-41 proxy data

Table 12: WR-41 123 ka data continued...

Depth Age δ18O δ18O corr. δ13C Mg/Ca Sr/Ca
(mm) (ka) (‰) (‰) (‰) (mmol/mol) (µmol/mol)

74.0 123.14 −11.6 −11.6 −6.1 5.6 36.1

74.5 123.14 −12.1 −12.1 −5.3
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D.2 ir-3 and wr-41 proxy data

Table 13: The δ18O and δ13C values from the 84 ka growth section of WR-41.
Corrected δ18O values indicate ice volume corrected δ18O values,
which were calculated using the ice volume correction procedure
and Python implementation outlined in Section H.3. This portion
of the stable isotope record has 0.5 mm resolution.

Depth Age δ18O δ18O corr. δ13C
(mm) (ka) (‰) (‰) (‰)

19.0 83.98 −12.5 −12.6 −4.7
19.5 84.03 −12.2 −12.3 −5.3
20.0 84.08 −12.3 −12.5 −5.7
20.5 84.11 −12.1 −12.2 −5.8
21.0 84.14 −11.9 −12.1 −5.8
21.5 84.17 −11.5 −11.7 −6.3
22.0 84.21 −12.1 −12.2 −5.0
22.5 84.24 −12.4 −12.5 −4.6
23.0 84.28 −11.9 −12.1 −3.4
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D.2 ir-3 and wr-41 proxy data

Table 14: The δ18O and δ13C values from the 82 – 81 ka growth section of
WR-41. Corrected δ18O values indicate ice volume corrected δ18O
values, which were calculated using the ice volume correction pro-
cedure and Python implementation outlined in Section H.3. The
blank line indicates a break in the traverse down the speleothem.
Stable isotopes were measured every 0.5 mm.

Depth Age δ18O δ18O corr. δ13C
(mm) (ka) (‰) (‰) (‰)

5.5 81.33 −12.6 −12.8 −4.3

6.0 81.38 −12.7 −12.9 −5.2

6.5 81.48 −12.8 −12.9 −4.7

7.0 81.55 −13.2 −13.3 −4.7

7.5 81.61 −13.0 −13.1 −5.7

8.0 81.68 −13.2 −13.3 −4.8

8.5 81.75 −13.6 −13.7 −5.7

9.0 81.82 −13.0 −13.2 −5.7

9.5 81.89 −13.1 −13.2 −5.9

10.0 81.95 −13.8 −13.9 −5.9

10.5 81.98 −13.3 −13.4 −5.3

11.0 82.0 −13.5 −13.6 −6.1

11.5 82.03 −14.3 −14.4 −6.1

12.0 82.05 −13.2 −13.3 −6.2

12.5 82.08 −13.4 −13.5 −5.5

13.0 82.1 −13.8 −13.9 −6.1

13.5 82.12 −14.2 −14.3 −6.5

14.0 82.15 −13.8 −13.9 −6.3

14.5 82.17 −13.0 −13.1 −5.8

15.0 82.2 −13.9 −14.0 −6.0

13.5 82.12 −13.4 −13.5 −6.1

14.0 82.15 −13.7 −13.8 −6.3
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Table 14: WR-41 82 - 81 ka data continued...

Depth Age δ18O δ18O corr. δ13C
(mm) (ka) (‰) (‰) (‰)

14.5 82.17 −13.5 −13.6 −6.1

15.0 82.2 −13.7 −13.8 −5.6

15.5 82.22 −13.4 −13.5 −5.4

16.0 82.25 −13.5 −13.6 −5.5

16.5 82.27 −13.3 −13.4 −5.8

17.0 82.3 −13.0 −13.1 −5.7

17.5 82.32 −13.5 −13.6 −6.1

18.0 82.34 −13.6 −13.7 −5.7

18.5 82.39 −13.4 −13.5 −5.4
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D.3 great basin dripwater correction

d.3 great basin dripwater correction

The Great Basin speleothem δ18O record of Lachniet et al. (2014) is a

composite record, including speleothems from three different caves,

located at three different altitudes and latitudes within the Great

Basin region. In order to remove the effects of latitude and altitude

on the various components of their record and create a single, cohe-

sive δ18O curve, the authors derived a dripwater correction equation.

We used this correction in Chapter 4 to compare our results to those of

(Lachniet et al., 2014), ultimately finding that this correction does not

resolve the full range of differences among Great Basin speleothem

records. Below is a table of the input values for and the results of the

correction.

Table 15: We standardized to Leviathan Cave dripwater, so the latitude and
altitude of Leviathan Cave serve as the std_lat and std_alt values
for the Goshute Cave and Lehman Caves dripwater corrections.

Cave
Latitude Altitude Correction

DD m ‰

Leviathan Cave 37.89 2400 -

Goshute Cave 40.03 2200 1.03

Lehman Caves 39.01 2080 0.32
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E
S U P P L E M E N TA R Y TA B L E S : C H A P T E R 3

This appendix contains tables of conventionally-acquired stable iso-

tope data (Table 16) and Mg/Ca and Sr/Ca ratios (Table 17) for the

fifth and youngest growth phase of WR-41, referred to as WR-41-b.

Following the conventional proxy data, tables of high resolution X-

Ray Fluorescence (XRF) trace element data (Table 18) and Secondary

Ion Mass Spectrometry (SIMS) δ18O values are included (Table 19).

Supplementary figures and high-resolution images of each of the

three WR-41-b dating faces, the original analytical face, the SIMS ana-

lytical face not included in Chapter 5, the SIMS pit maps, and example

Scanning Electron Microscope (SEM) images of pits are included in the

following chapter, Appendix F.

For more information on how the data presented in this appendix

were obtained, see Section 5.2. Interpretations of these results can be

found in Section 5.4.
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e.1 wr-41-b conventional proxy data

WR-41-b is a section of WR-41 approximately 5.3 mm thick, spanning

65 ka, from 78.0 to 13.2 kyr Before Present (1950 CE) (BP). Initially we

acquired proxy data via conventional means (drilling); these data are

presented below.

This section contains four tables. Tables 16 and 17 consist of stable

isotope (δ18O and δ13C) values and trace element ratios (Mg/Ca and

Sr/Ca), respectively, all collected during the Chapter 4 study. Higher

resolution data for a variety of trace and minor elements is available

in Table 18, and SIMS ice volume corrected and uncorrected values are

in Table 19.
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E.1 wr-41-b conventional proxy data

Table 16: The conventionally gathered δ18O and δ13C values of WR-41 b.

Depth Age δ18O δ18O corr. δ13C
(µm) (ka) (‰) (‰) (‰)

500 13.76 −11.4 −11.9 −5.0
1000 14.16 −11.4 −12.1 −4.3
1610 14.67 −11.2 −12.0 −4.7
2080 17.01 −11.6 −12.5 −5.7
2800 26.45 −12.4 −13.1 −5.0
3120 29.73 −12.7 −13.4 −5.6
3590 36.90 −12.8 −13.4 −6.2
3950 37.59 −12.5 −13.1 −6.0
4470 47.93 −12.9 −13.5 −5.3
4750 60.07 −12.8 −13.4 −4.7
5190 79.16 −12.6 −12.8 −4.3
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E.2 wr-41-b high resolution proxy data

Table 17: The Mg/Ca and Sr/Ca ratios of WR-41-b.

Depth Age Mg/Ca Sr/Ca
(µm) (ka) (mmol/mol) (µmol/mol)

730 13.90 4.4 26.7
890 14.05 5.0 27.3

1830 15.49 5.5 21.2
2810 26.68 8.3 26.6
4030 37.68 4.7 26.8
4760 60.73 7.4 43.6

e.2 wr-41-b high resolution proxy data
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Table 18: XRF results. Units are counts unless otherwise noted. “MCPS” indicates counts per second × 10
6

Depth Age Total
MSE Ti V Mn Zn Sr Y Pr Pm Ho Er Lu W Ir Pt

Inc/
(µm) (kyr) MCPS Coh

0 12.78 295.4 17.74 349 486 11 803 484 735 260 223 9878 759 2755 222 1033 216 1111 0.862

80 12.96 299.6 24.19 220 585 14 888 579 669 217 241 13 634 995 3464 418 1238 233 1240 1.304

160 13.13 301.9 20.34 187 524 13 965 484 708 209 230 11 337 903 3089 243 1155 329 1282 0.927

296 13.65 303.6 17.36 84 474 12 245 396 751 258 247 8945 714 2879 124 985 243 1067 0.875

478 13.75 305.9 15.95 146 367 10 850 259 460 199 273 7177 618 2456 235 839 317 1026 0.93

660 13.84 303.9 14.88 74 323 9396 248 434 73 359 5915 576 2553 78 835 475 1081 1.076

842 14.01 299.9 13.82 120 243 7693 65 369 96 295 4082 530 2096 101 755 431 897 0.867

1024 14.18 298.0 14.35 171 269 7640 61 488 84 256 4220 493 1902 190 798 469 922 0.873

1206 14.35 298.8 14.88 150 255 9304 199 529 223 278 5554 596 2366 126 941 381 997 0.932

1388 14.5 300.5 18.04 122 312 12 023 501 610 281 268 9190 776 2737 24 1092 293 1204 1.121

1570 14.64 307.0 21.63 171 520 15 396 554 703 391 245 13 313 1116 3538 260 1507 272 1336 2.565

1752 14.79 307.9 18.96 79 440 13 443 406 725 346 351 10 361 884 2942 125 1237 311 1040 1.374

1934 16.12 306.2 16.58 37 365 10 817 290 720 398 250 8679 765 2556 248 1108 238 1019 1.281

2115 17.22 304.0 15.16 24 432 7937 112 807 202 195 5927 572 2152 271 860 146 940 0.917

2297 18.32 301.9 14.98 108 341 6791 16 981 89 260 5611 504 2139 259 799 216 792 0.943

2493 20.88 299.3 13.85 36 274 6359 0 856 93 276 4720 439 1788 399 1102 114 921 0.798

2702 24.7 284.8 15.15 79 332 10 392 127 961 245 314 7295 614 2378 654 1681 423 1029 1.177

2911 28.51 270.5 12.51 34 293 6037 0 936 90 199 4140 308 1293 431 1444 437 748 0.655

3115 29.69 268.3 11.47 31 225 4823 0 727 66 192 3079 213 1130 28 1132 516 787 0.531

3305 32.29 289.1 15.82 106 342 9676 81 868 131 251 7674 549 1865 419 1126 237 892 0.693

3486 36.36 306.7 21.93 158 432 16 278 276 962 164 292 13 330 946 3001 674 1272 265 1364 0.739

3652 37.08 309.8 22.22 189 483 17 338 136 1078 274 211 12 875 897 3246 887 1086 424 1558 0.613

3817 37.46 311.7 21.93 147 440 16 735 122 969 135 223 13 031 953 3166 1041 1117 331 1434 0.602

3984 37.63 313.4 20.08 98 450 15 569 235 1330 130 268 12 137 860 2926 1229 1029 359 1153 0.803

4151 39.4 314.9 17.95 134 397 14 486 160 1503 188 252 11 024 840 2926 1241 1015 350 1249 1.173
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Table 18: XRF results continued...

Depth Age Total
MSE Ti V Mn Zn Sr Y Pr Pm Ho Er Lu W Ir Pt

Inc/
(µm) (kyr) MCPS Coh

4318 44.06 316.5 18.28 322 337 14 141 150 2017 172 326 10 607 896 3220 1424 1059 104 1045 1.615

4508 48.78 318.9 16.63 235 482 11 025 0 2364 275 321 8540 690 2900 1437 758 154 1094 1.229

4700 56.3 316.7 16.45 92 320 10 563 0 2145 151 358 6939 710 3032 1098 880 354 908 1.237

4887 68.94 311.2 16.51 187 328 10 222 0 1515 18 272 6340 640 2844 1067 802 552 870 1.302

4994 74.63 308.7 18.12 195 198 12 730 45 1646 0 296 8847 770 3357 933 983 371 923 2.299

5101 78.63 308.0 17.99 146 354 12 064 18 1500 0 259 7269 712 3186 901 1028 593 888 1.793

5208 79.19 308.4 16.9 81 261 9698 0 1228 106 310 5206 635 2848 630 772 666 850 1.36

5340 79.44 308.5 16.28 78 273 7919 22 1301 89 295 3830 480 2546 547 715 760 837 1.171

5538 79.82 308.1 16.21 123 235 7368 5 1413 55 208 3411 449 1956 405 525 778 782 1.116

5733 80.19 311.8 17.9 119 278 8848 55 1258 0 300 5085 553 2192 431 617 607 944 1.392

5924 80.55 319.7 18.68 170 396 11 720 60 1563 64 258 9059 710 2774 485 840 589 984 2.733

6114 80.88 322.1 19.36 169 452 12 181 76 1661 258 241 10 039 718 2795 448 669 486 1059 3.437

6304 81.2 314.2 17.84 178 436 10 325 308 2110 72 278 10 136 621 2586 211 752 660 960 3.133

6486 81.5 267.9 15.58 324 346 7798 293 2369 176 208 8171 575 1806 163 728 630 801 1.745

6668 81.8 117.8 8.14 237 242 3686 142 1899 338 178 2372 357 709 12 459 158 228 0.793
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Table 19: High-resolution SIMS δ18O values from WR-41-b. All analyses were performed in a single three-day session begin-
ning January 11, 2016.
aIdentical analysis names (WR41 ###) followed by a two character identifier indicate replicates. UWC3 G#-### names
indicate analyses of a grain (usually grain 1, or G1) of UWC-3 calcite (12.49 ‰ (VSMOW)).
bAll values were initially calculated on the VSMOW scale established by the UWC-3 bracketing standard, then con-
verted to the VPDB scale for consistency with other regional speleothem δ18O records using the equation: δ18O VPDB =
(δ18O VSMOW - 30.91)/1.03091.
cThe external precision is 2 times the standard deviation of the typically 8 bracketing UWC-3 calcite standard anal-
yses.
dThe precision of the raw δ18O is the internal error of each analysis, listed at the 95% confidence interval.
eThe yield of each measurement relative to the average yield of the bracketing UWC-3 standards.
fThe depth below the top of WR-41, translated from stage positions to align with the depths of the uranium-thorium,
XRF, and conventional trace element and stable isotope analyses and fit with the other published WR-41 results (Cross
et al., 2015). Values were confirmed by measuring spot positions in post-SIMS image analysis. The resolution is at 15

microns, with some 7-8 micron intervals in areas of rapid δ18O value change.

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-001 3.22 0.48 −1091 665

UWC3 G2-002 3.31 0.57 −1167 3251

UWC3 G3-003 3.14 0.5 −688 −1715

UWC3 G1-004 3.42 0.54 −1087 649

UWC3 G1-005 3.47 0.49 −1087 629

WR41 001 18.81 −11.73 0.38 9.73 0.56 1387 3520 10

WR41 002 18.01 −12.51 0.38 8.94 0.5 1387 3489 40

WR41 003 17.43 −13.07 0.38 8.36 0.51 1387 3460 69

WR41 004 17.88 −12.64 0.38 8.81 0.51 1387 3430 99

WR41 005 17.18 −13.32 0.38 8.11 0.59 1388 3400 130

WR41 006 16.37 −14.1 0.38 7.32 0.55 1388 3370 159

WR41 007 16.96 −13.53 0.38 7.9 0.48 1388 3340 189

WR41 008 18.44 −12.1 0.38 9.36 0.54 1388 3310 220
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-005 3.54 0.45 −1151 683

UWC3 G1-006 3.47 0.56 −1150 659

UWC3 G1-007 3.74 0.46 −1146 637

UWC3 G1-008 3.64 0.4 −1147 619 adj. beam

Std. 1-8 12.49 3.47 0.38

UWC3 G1-009 3.8 0.53 −1169 582 egun hv = 9999

UWC3 G1-010 3.7 0.47 −1167 562

UWC3 G1-011 3.69 0.44 −1167 532

UWC3 G1-012 3.6 0.57 −1167 502 adj. beam

WR41 009 18.25 −12.28 0.21 9.47 0.49 1386 3285 245

WR41 010 17.45 −13.06 0.21 8.68 0.42 1371 3255 275

WR41 011 14.85 −15.58 0.21 6.1 0.56 1372 3225 305

WR41 012 18.83 −11.72 0.21 10.04 0.53 1371 3195 334

WR41 013 17.97 −12.55 0.21 9.2 0.51 1372 3165 364

WR41 013 01 17.68 −12.84 0.21 8.9 0.55 1071 3167 362

WR41 013 02 18.07 −12.46 0.21 9.29 0.5 750 3170 359

WR41 013 03 18.0 −12.52 0.21 9.22 0.61 446 3162 368

WR41 011 01 15.62 −14.83 0.21 6.86 0.55 1395 3226 304

WR41 013 04 17.8 −12.72 0.21 9.02 0.55 145 3150 379

WR41 014 17.94 −12.58 0.21 9.16 0.53 145 3123 406

WR41 015 18.15 −12.38 0.21 9.37 0.55 145 3094 435
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-013 3.84 0.51 −983 659

UWC3 G1-014 3.75 0.49 −978 630

UWC3 G1-015 3.95 0.45 −978 605 adj. beam

UWC3 G1-016 3.74 0.46 −978 570

Std. 9-16 12.49 3.76 0.21

WR41 016 17.07 −13.42 0.39 8.21 0.4 143 3064 466

WR41 017 17.71 −12.81 0.39 8.84 0.5 143 3034 495

WR41 018 18.3 −12.23 0.39 9.43 0.52 143 3003 526

WR41 019 17.76 −12.75 0.39 8.89 0.49 125 2973 556

WR41 020 17.61 −12.9 0.39 8.74 0.47 126 2943 586

WR41 021 18.82 −11.73 0.39 9.94 0.43 153 2913 616

WR41 022 18.16 −12.37 0.39 9.29 0.42 159 2884 646

WR41 023 18.13 −12.4 0.39 9.26 0.56 278 2844 686

WR41 024 19.75 −10.83 0.39 10.86 0.49 279 2813 716

WR41 025 18.93 −11.62 0.39 10.06 0.55 279 2783 746

WR41 026 19.12 −11.43 0.39 10.24 0.55 279 2753 776

WR41 027 18.24 −12.29 0.39 9.36 0.58 279 2723 806

UWC3 G1-017 3.53 0.47 −987 541

UWC3 G1-018 3.33 0.53 −987 511

UWC3 G1-019 3.6 0.55 −977 481 adj. beam

UWC3 G1-020 3.61 0.43 −937 501
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

Std. 13-20 12.49 3.67 0.39

WR41 028 18.41 −12.12 0.28 9.48 0.5 247 2696 833

WR41 029 18.91 −11.64 0.28 9.97 0.46 247 2666 863

WR41 030 19.13 −11.43 0.28 10.18 0.47 247 2636 893

WR41 031 18.13 −12.4 0.28 9.19 0.42 242 2606 923

WR41 032 17.61 −12.9 0.28 8.68 0.52 240 2576 953

WR41 033 18.4 −12.13 0.28 9.47 0.49 240 2546 983 Tukey outlier

WR41 033 01 18.08 −12.45 0.28 9.14 0.44 1298 2551 979

WR41 034 18.96 −11.59 0.28 10.02 0.54 1298 2521 1009

WR41 035 17.93 −12.59 0.28 8.99 0.48 1298 2491 1039

WR41 036 20.65 −9.96 0.28 11.69 0.49 1298 2461 1069 Tukey outlier

WR41 036 01 19.92 −10.66 0.28 10.97 0.5 1271 2461 1069 Tukey outlier

WR41 037 17.72 −12.8 0.28 8.79 0.51 463 2426 1103 Tukey outlier

UWC3 G1-021 3.77 0.44 −930 665

UWC3 G1-022 3.55 0.49 −930 635

UWC3 G1-023 3.68 0.41 −900 665

UWC3 G1-024 3.75 0.45 −900 635

Std. 17-24 12.49 3.6 0.28

WR41 038 17.81 −12.71 0.33 8.95 0.55 461 2396 1133

WR41 039 19.43 −11.14 0.33 10.56 0.53 460 2366 1163
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 040 18.16 −12.37 0.33 9.3 0.49 461 2336 1193

WR41 041 16.95 −13.54 0.33 8.1 0.5 461 2305 1225

WR41 042 18.68 −11.86 0.33 9.82 0.55 462 2276 1254

WR41 043 19.3 −11.26 0.33 10.43 0.55 463 2250 1279

WR41 044 18.69 −11.85 0.33 9.83 0.62 463 2220 1309

WR41 045 18.11 −12.42 0.33 9.25 0.55 463 2190 1339

WR41 046 18.41 −12.12 0.33 9.55 0.51 464 2159 1370

WR41 047 19.21 −11.35 0.33 10.34 0.49 463 2128 1401

WR41 048 20.08 −10.5 0.33 11.21 0.57 463 2099 1431

WR41 049 19.74 −10.83 0.33 10.87 0.49 462 2069 1461

UWC3 G1-025 3.72 0.5 −1098 607

UWC3 G1-026 3.82 0.49 −1098 577

UWC3 G1-027 3.79 0.45 −1098 547

UWC3 G1-028 3.33 0.46 −1083 517

Std. 21-28 12.49 3.68 0.33

WR41 050 18.88 −11.67 0.33 10.04 0.5 462 2038 1492

WR41 051 18.81 −11.73 0.33 9.97 0.57 462 2007 1522

WR41 052 19.31 −11.26 0.33 10.46 0.54 462 1977 1553

WR41 053 19.38 −11.18 0.33 10.54 0.49 462 1947 1582

WR41 054 19.28 −11.28 0.33 10.44 0.54 462 1917 1612

WR41 055 19.08 −11.47 0.33 10.24 0.58 462 1887 1643

WR41 056 19.36 −11.2 0.33 10.52 0.5 461 1856 1674
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 057 19.28 −11.28 0.33 10.44 0.51 461 1827 1703

WR41 058 18.8 −11.74 0.33 9.96 0.45 461 1797 1733

WR41 059 18.94 −11.61 0.33 10.1 0.42 460 1766 1764

WR41 060 18.84 −11.71 0.33 10.0 0.49 458 1736 1793

WR41 061 18.26 −12.27 0.33 9.43 0.59 458 1705 1824

WR41 062 18.56 −11.98 0.33 9.72 0.48 459 1676 1853

UWC3 G1-029 3.72 0.51 −1027 479

UWC3 G1-030 3.77 0.55 −1027 459

UWC3 G1-031 3.83 0.53 −1004 461 adj. beam

UWC3 G1-032 3.65 0.46 −1004 441

Std. 25-32 12.49 3.7 0.33

WR41 063 18.1 −12.43 0.22 9.37 0.45 455 1666 1864

WR41 064 18.17 −12.36 0.22 9.44 0.42 455 1650 1879

WR41 065 18.16 −12.37 0.22 9.43 0.46 455 1636 1894

WR41 066 18.28 −12.25 0.22 9.55 0.46 455 1620 1909

WR41 067 18.4 −12.13 0.22 9.67 0.55 453 1606 1924

WR41 068 18.55 −11.99 0.22 9.82 0.52 453 1590 1939

WR41 069 18.28 −12.25 0.22 9.55 0.51 453 1575 1954

WR41 070 18.28 −12.25 0.22 9.55 0.47 453 1560 1969

WR41 071 18.22 −12.31 0.22 9.49 0.53 453 1545 1984

WR41 072 18.84 −11.71 0.22 10.1 0.5 453 1530 1999
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-033 4.02 0.5 −1210 615

UWC3 G1-034 3.87 0.55 −1204 595

UWC3 G1-035 3.8 0.6 −1203 573 adj. beam

UWC3 G1-036 3.82 0.47 −1202 549

Std. 29-36 12.49 3.81 0.22

WR41 073 18.27 −12.26 0.32 9.5 0.44 451 1515 2014

WR41 074 18.42 −12.12 0.32 9.64 0.55 427 1500 2030

WR41 075 18.69 −11.85 0.32 9.91 0.48 427 1485 2045

WR41 076 18.18 −12.35 0.32 9.4 0.48 427 1470 2060

WR41 077 18.28 −12.25 0.32 9.5 0.48 427 1455 2075

WR41 078 18.15 −12.38 0.32 9.37 0.45 427 1440 2090

WR41 079 18.44 −12.09 0.32 9.66 0.49 427 1425 2105

WR41 080 17.72 −12.8 0.32 8.94 0.55 427 1410 2120

WR41 081 18.34 −12.2 0.32 9.56 0.44 427 1395 2135

WR41 082 18.87 −11.68 0.32 10.08 0.57 413 1380 2149 Tukey outlier

WR41 083 18.71 −11.84 0.32 9.93 0.49 413 1365 2164

WR41 084 18.04 −12.49 0.32 9.26 0.54 410 1352 2178

UWC3 G1-037 3.49 0.51 −1178 479

UWC3 G1-038 3.64 0.44 −1178 459

UWC3 G1-039 3.82 0.5 −1173 439

UWC3 G1-040 3.65 0.47 −1153 439
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

Std. 33-40 12.49 3.76 0.32

WR41 085 18.75 −11.8 0.26 9.86 0.52 407 1337 2193

WR41 086 18.81 −11.74 0.26 9.93 0.49 407 1322 2208

WR41 087 18.44 −12.09 0.26 9.56 0.5 407 1310 2219

WR41 088 18.64 −11.9 0.26 9.76 0.65 406 1292 2237

WR41 089 18.63 −11.91 0.26 9.75 0.45 406 1277 2252

WR41 090 18.52 −12.01 0.26 9.64 0.47 406 1262 2267

WR41 091 18.19 −12.34 0.26 9.31 0.58 406 1247 2282

WR41 092 18.1 −12.43 0.26 9.22 0.57 406 1232 2297

WR41 093 18.44 −12.1 0.26 9.56 0.55 406 1217 2312

WR41 094 17.46 −13.04 0.26 8.59 0.46 406 1202 2327

UWC3 G1-041 3.65 0.52 −1238 501

UWC3 G1-042 3.87 0.53 −1238 486

UWC3 G1-043 3.66 0.47 −1238 466

UWC3 G1-044 3.51 0.47 −1228 451

Std. 37-44 12.49 3.66 0.26

WR41 095 17.52 −12.99 0.28 8.71 0.55 404 1187 2342

WR41 096 16.99 −13.5 0.28 8.18 0.53 404 1172 2357

WR41 097 17.42 −13.09 0.28 8.61 0.43 404 1157 2372

WR41 098 17.57 −12.94 0.28 8.76 0.42 404 1142 2387

WR41 099 18.14 −12.39 0.28 9.32 0.45 404 1127 2402
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 100 17.9 −12.62 0.28 9.09 0.52 404 1112 2417

WR41 101 17.71 −12.81 0.28 8.89 0.53 404 1097 2432

WR41 102 17.89 −12.63 0.28 9.07 0.51 404 1082 2447

WR41 103 17.64 −12.87 0.28 8.83 0.47 404 1067 2462

WR41 104 17.49 −13.02 0.28 8.68 0.51 404 1037 2493

UWC3 G1-045 3.92 0.46 −956 480

UWC3 G1-046 3.83 0.46 −956 460

UWC3 G1-047 3.65 0.44 −956 440

UWC3 G1-048 3.67 0.52 −951 420

Std. 41-48 12.49 3.72 0.28

WR41 105 16.88 −13.61 0.19 8.11 0.54 404 1022 2508

WR41 106 17.02 −13.47 0.19 8.26 0.51 404 1007 2523

WR41 107 17.21 −13.29 0.19 8.45 0.47 404 992 2538

WR41 108 17.91 −12.62 0.19 9.13 0.51 404 977 2553

WR41 109 16.83 −13.66 0.19 8.07 0.5 404 962 2568

WR41 110 16.35 −14.13 0.19 7.59 0.6 404 947 2583

WR41 111 16.18 −14.29 0.19 7.42 0.43 404 932 2598

WR41 112 17.47 −13.04 0.19 8.7 0.59 404 917 2613

UWC3 G1-049 3.83 0.46 −1286 520

UWC3 G1-050 3.69 0.58 −1286 505

UWC3 G1-051 3.74 0.49 −1286 490
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-052 3.79 0.53 −1291 545

Std. 45-52 12.49 3.77 0.19

New day: 1/13/16

UWC3 G1-053 4.35 0.5 −1116 653

UWC3 G1-054 4.11 0.49 −1118 630

UWC3 G1-055 4.19 0.47 −1116 607

UWC3 G1-056 4.0 0.48 −1116 582

WR41 113 16.25 −14.22 0.3 7.83 0.46 403 904 2625

WR41 114 17.14 −13.36 0.3 8.71 0.54 403 889 2640

WR41 115 16.99 −13.5 0.3 8.56 0.55 403 874 2655

WR41 116 17.0 −13.5 0.3 8.57 0.51 403 859 2670

WR41 117 17.08 −13.41 0.3 8.65 0.55 403 843 2686

WR41 118 17.61 −12.91 0.3 9.17 0.47 403 828 2701

WR41 119 17.6 −12.91 0.3 9.17 0.54 403 813 2716

WR41 120 17.84 −12.68 0.3 9.4 0.55 403 798 2731

WR41 121 17.14 −13.35 0.3 8.72 0.55 403 783 2746

WR41 122 16.89 −13.6 0.3 8.46 0.51 403 768 2761

WR41 123 17.27 −13.24 0.3 8.84 0.57 403 753 2776

WR41 124 17.92 −12.6 0.3 9.48 0.49 403 738 2791

UWC3 G1-057 4.04 0.5 −1010 653
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-058 4.22 0.5 −1010 633

UWC3 G1-059 3.85 0.47 −1010 613

UWC3 G1-060 4.03 0.42 −1010 593 adj. beam

Std. 53-60 12.49 4.1 0.3

WR41 125 16.56 −13.92 0.43 8.21 0.53 404 722 2807

WR41 126 17.31 −13.19 0.43 8.96 0.43 404 707 2822

WR41 127 17.39 −13.12 0.43 9.04 0.51 404 692 2837

WR41 128 17.13 −13.37 0.43 8.78 0.49 404 677 2852

WR41 129 17.31 −13.19 0.43 8.96 0.49 404 662 2868

WR41 130 17.16 −13.33 0.43 8.82 0.51 404 646 2883

WR41 131 15.85 −14.61 0.43 7.51 0.55 408 631 2899

WR41 132 17.45 −13.05 0.43 9.1 0.56 389 616 2914

WR41 133 17.35 −13.15 0.43 9.0 0.43 389 601 2929

WR41 134 16.87 −13.62 0.43 8.52 0.57 389 586 2944

WR41 135 17.57 −12.94 0.43 9.22 0.5 389 571 2959

WR41 136 17.63 −12.88 0.43 9.28 0.61 402 556 2974

UWC3 G1-061 4.51 0.54 −921 480

UWC3 G1-062 4.3 0.5 −921 460

UWC3 G1-063 4.38 0.53 −921 440

UWC3 G1-064 4.11 0.54 −921 420 adj. beam

Std. 57-64 12.49 4.18 0.43
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 137 17.29 −13.22 0.4 8.94 0.55 417 541 2989

WR41 138 16.96 −13.53 0.4 8.62 0.5 405 525 3004

WR41 139 17.21 −13.29 0.4 8.87 0.5 408 509 3020

WR41 140 17.32 −13.18 0.4 8.98 0.55 413 494 3035

WR41 141 16.89 −13.6 0.4 8.55 0.49 413 479 3050

WR41 142 16.78 −13.71 0.4 8.44 0.55 412 466 3064

WR41 143 16.51 −13.97 0.4 8.18 0.49 412 451 3079

WR41 144 16.79 −13.69 0.4 8.46 0.56 412 435 3094

WR41 145 16.97 −13.52 0.4 8.63 0.53 412 420 3109

WR41 146 17.21 −13.29 0.4 8.87 0.53 408 405 3124

WR41 147 16.97 −13.52 0.4 8.63 0.52 406 390 3139

WR41 148 16.71 −13.77 0.4 8.38 0.56 406 375 3154

UWC3 G1-065 4.16 0.46 −1114 495

UWC3 G1-066 3.9 0.56 −1114 475

UWC3 G1-067 3.98 0.53 −1144 475

UWC3 G1-068 4.16 0.43 −1144 455

Std. 61-68 12.49 4.19 0.4

WR41 149 16.9 −13.59 0.42 8.6 0.52 406 360 3169

WR41 149 01 17.29 −13.21 0.42 8.99 0.62 441 360 3169

WR41 150 17.11 −13.39 0.42 8.81 0.56 391 345 3184

WR41 151 17.54 −12.96 0.42 9.24 0.54 391 330 3199
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 152 16.79 −13.7 0.42 8.49 0.6 390 315 3214

WR41 153 17.1 −13.39 0.42 8.8 0.5 388 300 3229

WR41 154 16.67 −13.81 0.42 8.38 0.49 388 285 3244

WR41 155 16.39 −14.08 0.42 8.1 0.59 388 270 3259

WR41 156 16.47 −14.01 0.42 8.18 0.5 388 255 3274

WR41 157 15.88 −14.58 0.42 7.59 0.49 392 240 3289 SEM1

WR41 158 16.66 −13.82 0.42 8.36 0.55 395 225 3304

WR41 157 01 16.36 −14.12 0.42 8.06 0.46 409 240 3289

UWC3 G1-069 4.37 0.47 −942 612

UWC3 G1-070 4.38 0.46 −907 612

UWC3 G1-071 4.36 0.53 −867 612

UWC3 G1-072 4.5 0.49 −865 592

Std. 65-72 12.49 4.23 0.42

WR41 159 16.68 −13.81 0.12 8.53 0.55 397 210 3320

WR41 160 17.53 −12.98 0.12 9.38 0.51 397 195 3335

WR41 161 16.95 −13.54 0.12 8.8 0.48 397 180 3350 SEM1

WR41 162 16.55 −13.93 0.12 8.41 0.52 400 165 3364

WR41 163 16.17 −14.3 0.12 8.03 0.45 400 150 3379

WR41 164 16.35 −14.13 0.12 8.21 0.62 400 135 3394

WR41 165 16.03 −14.43 0.12 7.9 0.5 342 114 3415

WR41 166 16.89 −13.6 0.12 8.75 0.46 342 99 3430

WR41 167 17.11 −13.39 0.12 8.96 0.51 342 84 3445
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 168 16.44 −14.03 0.12 8.3 0.56 342 69 3460

WR41 169 16.53 −13.95 0.12 8.38 0.48 342 54 3475

WR41 170 16.4 −14.07 0.12 8.26 0.53 342 39 3490

UWC3 G1-073 4.34 0.48 −1071 438

UWC3 G1-074 4.42 0.52 −1071 418

UWC3 G1-075 4.36 0.52 −1029 418

UWC3 G1-076 4.29 0.55 −1029 398

Std. 69-76 12.49 4.38 0.12

WR41 171 16.75 −13.73 0.16 8.58 0.45 342 24 3505 SEM1

WR41 172 14.88 −15.55 0.16 6.73 0.54 342 9 3520

WR41 173 15.19 −15.25 0.16 7.03 0.52 347 −5 3535

WR41 174 15.61 −14.84 0.16 7.44 0.59 335 −21 3550

WR41 175 16.43 −14.05 0.16 8.26 0.54 340 −35 3565

WR41 176 17.25 −13.25 0.16 9.07 0.51 340 −50 3580

WR41 177 15.89 −14.57 0.16 7.73 0.59 340 −65 3594

WR41 178 17.15 −13.34 0.16 8.98 0.53 340 −80 3609

WR41 179 16.19 −14.28 0.16 8.02 0.56 340 −95 3624

WR41 180 16.77 −13.71 0.16 8.6 0.53 340 −110 3639

WR41 181 16.49 −13.99 0.16 8.32 0.48 340 −125 3654

WR41 182 16.0 −14.46 0.16 7.83 0.54 340 −140 3669

WR41 183 15.16 −15.28 0.16 7.0 0.56 340 −155 3684

WR41 184 17.27 −13.23 0.16 9.1 0.49 340 −170 3699
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 185 16.66 −13.82 0.16 8.49 0.58 340 −185 3714

UWC3 G1-077 4.25 0.55 −1262 443

UWC3 G1-078 4.47 0.55 −1237 423

UWC3 G1-079 4.26 0.61 −1267 423

UWC3 G1-080 4.41 0.52 −1242 403

Std.73-80 12.49 4.35 0.16

WR41 186 17.06 −13.44 0.28 8.92 0.57 340 −200 3729

WR41 187 17.51 −13.0 0.28 9.36 0.53 340 −215 3744

WR41 188 17.1 −13.39 0.28 8.96 0.5 341 −230 3759

WR41 189 16.43 −14.05 0.28 8.29 0.48 341 −245 3774

WR41 190 16.5 −13.98 0.28 8.36 0.46 341 −260 3789

WR41 191 15.64 −14.81 0.28 7.52 0.42 341 −275 3804

WR41 192 18.0 −12.52 0.28 9.86 0.46 341 −290 3819

WR41 192 01 16.15 −14.32 0.28 8.02 0.55 301 −299 3829

WR41 193 17.54 −12.97 0.28 9.4 0.52 301 −314 3844 SEM1

WR41 194 17.66 −12.85 0.28 9.52 0.41 301 −329 3859

WR41 195 17.17 −13.33 0.28 9.03 0.5 301 −344 3874

WR41 196 17.52 −12.99 0.28 9.38 0.51 301 −359 3889

WR41 197 17.89 −12.63 0.28 9.75 0.58 301 −374 3904

UWC3 G1-081 4.51 0.44 −977 425

UWC3 G1-082 4.61 0.49 −977 405

306



Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-083 4.36 0.52 −993 388 adj. beam

UWC3 G1-084 4.22 0.49 −998 372

Std. 77-84 12.49 4.39 0.28

WR41 198 16.97 −13.52 0.33 8.85 0.5 301 −389 3919

WR41 199 17.0 −13.5 0.33 8.87 0.5 301 −404 3933

WR41 200 16.88 −13.61 0.33 8.76 0.49 301 −419 3948

WR41 201 17.3 −13.2 0.33 9.18 0.46 301 −434 3963

WR41 202 17.26 −13.24 0.33 9.14 0.54 301 −449 3978

WR41 203 18.19 −12.34 0.33 10.06 0.44 301 −464 3993

WR41 204 16.64 −13.85 0.33 8.52 0.57 301 −479 4008

WR41 205 15.9 −14.56 0.33 7.79 0.53 298 −494 4023

WR41 206 15.7 −14.75 0.33 7.59 0.58 298 −509 4038

WR41 207 17.02 −13.47 0.33 8.9 0.5 298 −524 4053

WR41 208 16.02 −14.44 0.33 7.91 0.55 298 −539 4068

WR41 209 16.84 −13.65 0.33 8.72 0.48 298 −554 4083

WR41 210 15.73 −14.72 0.33 7.62 0.59 298 −569 4098 Tukey outlier, SEM2

WR41 211 15.55 −14.9 0.33 7.44 0.82 299 −583 4113 Tukey outlier, SEM2

UWC3 G1-085 4.54 0.56 −952 528

UWC3 G1-086 4.46 0.57 −924 518

UWC3 G1-087 4.4 0.44 −926 542

UWC3 G1-088 4.12 0.54 −892 499
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

Std.81-88 12.49 4.4 0.33

WR41 212 16.67 −13.81 0.31 8.47 0.59 298 −599 4129 SEM1

WR41 213 16.45 −14.03 0.31 8.25 0.54 298 −614 4144

WR41 214 16.01 −14.46 0.31 7.81 0.58 298 −629 4159

WR41 214 01 16.71 −13.77 0.31 8.51 0.51 268 −632 4161

WR41 215 16.14 −14.33 0.31 7.94 0.52 268 −645 4174

WR41 216 16.55 −13.93 0.31 8.35 0.55 268 −660 4189

WR41 217 15.93 −14.53 0.31 7.74 0.53 268 −675 4204

WR41 218 14.19 −16.22 0.31 6.01 0.56 268 −690 4219 Tukey outlier, SEM2

WR41 219 15.75 −14.71 0.31 7.55 0.49 268 −705 4234

WR41 220 16.22 −14.25 0.31 8.02 0.54 268 −720 4249

WR41 221 15.49 −14.95 0.31 7.3 0.49 268 −735 4264 Tukey outlier, SEM2

WR41 222 15.45 −15.0 0.31 7.26 0.76 253 −750 4279 Tukey outlier, SEM2

UWC3 G1-089 4.28 0.6 −1203 437

UWC3 G1-090 4.12 0.5 −1217 414

UWC3 G1-091 4.23 0.5 −1199 398

UWC3 G1-092 4.41 0.49 −1239 371

Std. 85-92 12.49 4.32 0.31

WR41 223 16.87 −13.62 0.21 8.66 0.4 253 −765 4294

WR41 224 16.43 −14.04 0.21 8.22 0.56 253 −780 4309

WR41 225 16.57 −13.91 0.21 8.36 0.56 253 −795 4324
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 226 16.53 −13.94 0.21 8.32 0.53 257 −811 4340 SEM1

WR41 227 15.59 −14.86 0.21 7.39 0.39 229 −826 4356 Tukey outlier, SEM2

WR41 228 16.46 −14.02 0.21 8.25 0.6 229 −856 4386

WR41 229 16.24 −14.23 0.21 8.03 0.46 229 −871 4401

WR41 230 16.22 −14.24 0.21 8.02 0.48 229 −886 4416 SEM1

WR41 231 16.78 −13.71 0.21 8.56 0.53 229 −901 4431

WR41 232 17.31 −13.19 0.21 9.09 0.47 229 −916 4446 SEM1

WR41 233 16.02 −14.45 0.21 7.81 0.55 229 −932 4462 SEM2

WR41 234 15.98 −14.48 0.21 7.78 0.44 229 −947 4477 SEM1

WR41 235 16.23 −14.24 0.21 8.02 0.42 229 −962 4492

WR41 236 14.61 −15.81 0.21 6.42 0.7 231 −977 4507 Tukey outlier, SEM2

WR41 236 01 16.05 −14.42 0.21 7.84 0.44 200 −978 4507

UWC3 G1-093 4.27 0.51 −998 348

UWC3 G1-094 4.37 0.4 −956 373

UWC3 G1-095 4.42 0.42 −1030 378

UWC3 G1-096 4.39 0.49 −1019 500

Std. 89-96 12.49 4.31 0.21

WR41 237 16.29 −14.18 0.11 8.12 0.73 200 −993 4522

WR41 238 16.63 −13.85 0.11 8.47 0.5 196 −1008 4537

WR41 239 16.55 −13.93 0.11 8.39 0.57 196 −1023 4552

WR41 240 16.31 −14.16 0.11 8.15 0.45 194 −1038 4567

WR41 241 15.6 −14.85 0.11 7.44 0.56 184 −1052 4582 SEM1
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 242 16.13 −14.33 0.11 7.97 0.47 184 −1067 4597 SEM1

WR41 243 16.61 −13.87 0.11 8.45 0.46 184 −1082 4612 SEM1

WR41 244 15.91 −14.55 0.11 7.75 0.51 184 −1097 4627 Tukey outlier, SEM2

WR41 245 15.77 −14.69 0.11 7.61 0.68 194 −1112 4642 Tukey outlier, SEM2

WR41 246 16.19 −14.28 0.11 8.03 0.66 222 −1127 4657 Tukey outlier, SEM2

WR41 247 17.2 −13.3 0.11 9.02 0.55 222 −1142 4672 SEM1

WR41 248 16.18 −14.29 0.11 8.01 0.46 187 −1157 4687

UWC3 G1-097 4.42 0.53 −1201 518

UWC3 G1-098 4.3 0.5 −1117 456

UWC3 G1-099 4.34 0.46 −1260 534

UWC3 G1-100 4.33 0.48 −1255 514

Std. 93-100 12.49 4.36 0.11

New day: 1/14/16

UWC3 G1-101 4.44 0.57 −1011 669

UWC3 G1-102 4.48 0.58 −1028 692

UWC3 G1-103 4.58 0.52 −1011 545

UWC3 G1-104 4.29 0.46 −893 464

WR41 249 17.06 −13.44 0.25 9.01 0.48 186 −1180 4709 SEM1

WR41 250 17.05 −13.45 0.25 9.0 0.45 186 −1165 4694

WR41 251 16.51 −13.97 0.25 8.46 0.7 179 −1195 4724 Tukey outlier, SEM1
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 252 16.4 −14.07 0.25 8.36 0.69 177 −1210 4739 Tukey outlier, SEM1

WR41 253 16.75 −13.74 0.25 8.7 0.55 194 −1225 4754

WR41 254 16.33 −14.15 0.25 8.29 0.54 194 −1240 4769 SEM1

WR41 255 15.73 −14.72 0.25 7.7 0.46 194 −1255 4784

WR41 256 16.46 −14.02 0.25 8.42 0.56 194 −1270 4799 SEM1

WR41 257 16.53 −13.95 0.25 8.49 0.47 194 −1285 4814

WR41 258 16.79 −13.69 0.25 8.75 0.56 194 −1300 4829

WR41 259 17.17 −13.32 0.25 9.13 0.65 194 −1315 4844

WR41 260 18.42 −12.12 0.25 10.36 0.55 194 −1330 4859

UWC3 G1-105 4.5 0.52 −1140 567

UWC3 G1-106 4.7 0.58 −1140 547

UWC3 G1-107 4.38 0.52 −1139 516

UWC3 G1-108 4.48 0.5 −1164 598

Std. 101-108 12.49 4.48 0.25

WR41 261 18.0 −12.52 0.26 9.89 0.53 184 −1345 4874 Tukey outlier

WR41 262 17.74 −12.77 0.26 9.64 0.6 184 −1360 4889

WR41 263 17.03 −13.46 0.26 8.94 0.47 184 −1375 4904 SEM1

WR41 264 16.65 −13.83 0.26 8.55 0.52 184 −1390 4919

WR41 265 16.17 −14.3 0.26 8.07 0.54 184 −1405 4934

WR41 266 16.62 −13.86 0.26 8.53 0.63 182 −1420 4949

WR41 267 15.98 −14.48 0.26 7.89 0.47 182 −1435 4964

WR41 268 15.06 −15.37 0.26 6.98 0.94 182 −1450 4979 Tukey outlier, SEM2
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 269 15.81 −14.65 0.26 7.72 0.73 181 −1464 4993 Tukey outlier, SEM2

WR41 268 01 17.0 −13.49 0.26 8.9 0.47 200 −1452 4981 SEM1

WR41 269 01 16.0 −14.46 0.26 7.91 0.45 200 −1464 4993 SEM1

WR41 270 15.2 −15.24 0.26 7.12 0.5 200 −1479 5008 Tukey outlier, SEM1

WR41 271 16.15 −14.32 0.26 8.06 0.48 200 −1494 5023 SEM1

WR41 272 16.12 −14.35 0.26 8.02 0.43 200 −1509 5038

UWC3 G1-109 4.39 0.54 −1230 607

UWC3 G1-110 4.3 0.49 −1230 585

UWC3 G1-111 4.32 0.52 −1230 565

UWC3 G1-112 4.36 0.5 −1228 545

Std. 105-112 12.49 4.43 0.26

WR41 273 15.91 −14.55 0.26 7.81 0.53 200 −1524 5053

WR41 274 15.0 −15.43 0.26 6.9 0.5 196 −1540 5069 Tukey outlier, SEM2

WR41 274 01 15.43 −15.02 0.26 7.33 0.38 178 −1540 5069 SEM1

WR41 275 16.04 −14.42 0.26 7.94 0.51 184 −1555 5084 Tukey outlier, SEM1

WR41 276 15.93 −14.53 0.26 7.83 0.56 184 −1570 5099 SEM1

WR41 277 16.3 −14.17 0.26 8.2 0.5 184 −1585 5114 SEM1

WR41 278 16.25 −14.22 0.26 8.15 0.5 184 −1600 5129 SEM1

WR41 279 16.83 −13.66 0.26 8.72 0.58 180 −1615 5144 SEM1

WR41 279 01 16.72 −13.76 0.26 8.62 0.48 200 −1615 5144 SEM1

WR41 280 16.45 −14.03 0.26 8.34 0.61 198 −1629 5158 SEM1

WR41 281 17.22 −13.28 0.26 9.1 0.57 198 −1644 5173
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 282 16.91 −13.58 0.26 8.8 0.5 198 −1659 5188

UWC3 G1-113 4.7 0.56 −1277 604

UWC3 G1-114 4.5 0.57 −1277 584

UWC3 G1-115 4.38 0.52 −1277 564 adj. beam

UWC3 G1-116 4.37 0.5 −1258 555

Std. 109-116 12.49 4.42 0.26

WR41 283 17.04 −13.46 0.26 9.01 0.51 198 −1674 5203

WR41 284 17.3 −13.2 0.26 9.27 0.57 198 −1689 5218

WR41 285 15.67 −14.78 0.26 7.65 0.6 198 −1704 5233

WR41 286 13.58 −16.81 0.26 5.58 0.65 198 −1719 5248 Tukey outlier

WR41 286 01 14.3 −16.11 0.26 6.29 0.53 217 −1721 5250

WR41 218 01 15.35 −15.1 0.26 7.33 0.62 285 −685 4214 Tukey outlier, SEM1

UWC3 G1-117 4.63 0.6 −1160 733

UWC3 G1-118 4.56 0.53 −1160 713

UWC3 G1-119 4.47 0.53 −1160 693

UWC3 G1-120 4.34 0.43 −1189 621 adj. beam

Std. 113-120 12.49 4.5 0.26

WR41 283.5 15.72 −14.73 0.3 7.82 0.46 218 −1682 5212

WR41 284.5 16.16 −14.31 0.3 8.26 0.52 218 −1697 5227
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 285.5 14.69 −15.73 0.3 6.8 0.57 228 −1712 5241

WR41 203 01 17.49 −13.02 0.3 9.58 0.47 321 −457 3987

WR41 160 01 17.17 −13.32 0.3 9.26 0.46 430 200 3329

WR41 131 01 17.45 −13.06 0.3 9.54 0.55 379 635 2894

WR41 001.5 18.7 −11.84 0.3 10.78 0.48 1371 3509 21

WR41 002.5 18.14 −12.39 0.3 10.22 0.53 1371 3479 50

WR41 003.5 18.28 −12.25 0.3 10.36 0.57 1371 3444 85

WR41 004.5 17.03 −13.47 0.3 9.12 0.48 1371 3414 115

WR41 005.5 17.04 −13.45 0.3 9.13 0.62 1371 3384 145

WR41 006.5 18.88 −11.66 0.3 10.96 0.58 1372 3355 174

UWC3 G1-121 4.65 0.52 −1004 710

UWC3 G1-122 4.74 0.52 −983 724

UWC3 G1-123 4.76 0.56 −1009 744 adj. beam

UWC3 G1-124 4.78 0.51 −1029 726

Std. 117-124 12.49 4.62 0.3

WR41 007.5 18.52 −12.01 0.28 10.63 0.6 1371 3325 204

WR41 008.5 14.76 −15.66 0.28 6.9 0.5 1370 3295 234 Tukey outlier

WR41 008.5 01 14.93 −15.5 0.28 7.07 0.52 1400 3296 234 Tukey outlier

WR41 008.25 17.42 −13.09 0.28 9.53 0.45 1418 3305 224

WR41 009.5 18.2 −12.32 0.28 10.32 0.56 1343 3269 260

WR41 010.5 19.09 −11.46 0.28 11.2 0.53 1343 3239 290

WR41 011.5 17.22 −13.28 0.28 9.34 0.44 1380 3210 320
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 012.5 18.26 −12.27 0.28 10.37 0.5 1381 3180 350

WR41 013.5 17.95 −12.57 0.28 10.06 0.59 139 3135 394

WR41 014.5 16.88 −13.61 0.28 9.0 0.49 139 3108 422

WR41 015.5 17.39 −13.11 0.28 9.51 0.48 140 3078 451

WR41 016.5 16.9 −13.59 0.28 9.02 0.55 135 3049 481

WR41 017.5 18.75 −11.79 0.28 10.86 0.53 135 3019 510

UWC3 G1-125 4.45 0.51 −933 397

UWC3 G1-126 4.67 0.49 −927 374

UWC3 G1-127 4.72 0.57 −963 384

UWC3 G1-128 4.41 0.52 −960 347 adj. beam

Std. 121-128 12.49 4.65 0.28

WR41 018.5 18.07 −12.46 0.31 10.02 0.49 132 2988 541

WR41 019.5 16.9 −13.59 0.31 8.86 0.49 133 2958 571

WR41 020.5 16.71 −13.77 0.31 8.68 0.5 132 2929 600

WR41 021.5 17.98 −12.54 0.31 9.93 0.45 153 2896 633

WR41 022.5 18.3 −12.23 0.31 10.25 0.39 273 2859 670

WR41 023.5 18.97 −11.58 0.31 10.92 0.56 275 2827 702

WR41 024.5 19.57 −11.0 0.31 11.51 0.57 275 2797 732

WR41 025.5 19.38 −11.19 0.31 11.32 0.51 275 2767 762

WR41 026.5 19.18 −11.38 0.31 11.12 0.47 275 2737 792

WR41 027.5 17.94 −12.58 0.31 9.9 0.56 280 2707 822

WR41 028.5 17.54 −12.97 0.31 9.49 0.58 242 2677 853
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 029.5 18.29 −12.24 0.31 10.24 0.55 228 2648 882

WR41 030.5 17.81 −12.7 0.31 9.77 0.57 236 2621 909

WR41 031.5 18.51 −12.03 0.31 10.46 0.57 236 2591 939

UWC3 G1-129 4.42 0.5 −892 439

UWC3 G1-130 4.48 0.52 −892 419

UWC3 G1-131 4.23 0.48 −892 399

UWC3 G1-132 4.53 0.66 −892 379

Std. 125-132 12.49 4.49 0.31

WR41 032.5 17.94 −12.58 0.2 9.82 0.5 236 2561 969

WR41 032.5 01 17.64 −12.87 0.2 9.52 0.51 1294 2565 964

WR41 033.5 18.61 −11.94 0.2 10.48 0.51 1294 2535 994

WR41 034.5 18.23 −12.3 0.2 10.1 0.46 1294 2505 1024

WR41 035.5 18.26 −12.27 0.2 10.14 0.53 1294 2475 1054

WR41 036.5 18.88 −11.67 0.2 10.75 0.51 1294 2445 1084 Tukey outlier

WR41 037.5 18.29 −12.25 0.2 10.16 0.56 460 2410 1119

WR41 038.5 19.52 −11.05 0.2 11.38 0.53 460 2381 1149

WR41 039.5 18.8 −11.75 0.2 10.67 0.54 460 2350 1179

WR41 040.5 18.29 −12.24 0.2 10.17 0.52 461 2321 1208

WR41 041.5 18.48 −12.06 0.2 10.35 0.58 461 2290 1239

WR41 042.5 18.89 −11.66 0.2 10.76 0.49 462 2262 1267

UWC3 G1-133 4.35 0.52 −1099 396
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

UWC3 G1-134 4.41 0.49 −1099 376

UWC3 G1-135 4.38 0.49 −1104 356

UWC3 G1-136 4.53 0.54 −1074 366

Std. 129-136 12.49 4.41 0.2

WR41 043.5 18.5 −12.04 0.29 10.34 0.47 463 2235 1295

WR41 044.5 18.74 −11.8 0.29 10.58 0.54 464 2204 1325

WR41 045.5 17.81 −12.71 0.29 9.66 0.55 463 2174 1355

WR41 046.5 18.83 −11.72 0.29 10.67 0.44 463 2143 1386

WR41 047.5 19.18 −11.37 0.29 11.02 0.47 462 2113 1417

WR41 048.5 19.8 −10.77 0.29 11.63 0.5 462 2084 1446

WR41 049.5 19.04 −11.52 0.29 10.87 0.49 462 2053 1477

WR41 050.5 18.8 −11.75 0.29 10.64 0.5 462 2023 1507

WR41 051.5 18.94 −11.61 0.29 10.78 0.53 462 1992 1537

WR41 052.5 19.39 −11.17 0.29 11.22 0.53 462 1963 1567

WR41 053.5 19.1 −11.46 0.29 10.93 0.52 462 1932 1597

WR41 054.5 19.12 −11.44 0.29 10.95 0.47 461 1902 1627

UWC3 G1-137 4.64 0.43 −1070 383

UWC3 G1-138 3.79 0.68 −1081 337

UWC3 G1-139 4.25 0.5 −1208 369

UWC3 G1-140 4.28 0.58 −1208 349

UWC3 G1-141 4.2 0.52 −1208 329
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

Std. 133-141 12.49 4.38 0.29

WR41 055.5 19.21 −11.35 0.28 11.0 0.52 458 1871 1658

WR41 056.5 19.17 −11.39 0.28 10.96 0.57 458 1842 1687

WR41 057.5 18.48 −12.06 0.28 10.28 0.59 458 1810 1719

WR41 058.5 18.07 −12.46 0.28 9.87 0.47 458 1781 1749

WR41 059.5 18.42 −12.11 0.28 10.22 0.52 457 1751 1778

WR41 060.5 18.36 −12.17 0.28 10.16 0.53 458 1720 1809

WR41 061.5 17.89 −12.63 0.28 9.7 0.49 458 1690 1839

WR41 287 16.66 −13.83 0.28 8.47 0.47 200 −1740 5269

WR41 288 16.63 −13.85 0.28 8.44 0.52 199 −1754 5284

WR41 289 16.46 −14.01 0.28 8.28 0.54 200 −1769 5298

WR41 290 15.89 −14.57 0.28 7.72 0.55 208 −1785 5314

WR41 291 15.86 −14.6 0.28 7.68 0.52 195 −1799 5329 Tukey outlier

WR41 292 16.03 −14.43 0.28 7.85 0.49 200 −1815 5344 Tukey outlier

WR41 292 01 15.75 −14.71 0.28 7.57 0.56 250 −1815 5344 Tukey outlier

WR41 293 14.52 −15.9 0.28 6.35 0.5 202 −1830 5359 Tukey outlier

UWC3 G1-142 4.26 0.48 −1180 354

UWC3 G1-143 4.3 0.45 −1180 334

UWC3 G1-144 4.35 0.48 −1180 314

UWC3 G1-145 4.42 0.48 −1180 294

Std. 137-145 12.49 4.34 0.28
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Table 19: WR-41-b SIMS Data I continued...

Analysisa δ18O VSMOW δ18O VPDB
b Precisionc δ18O raw Precisiond Stage Stage Samplef

CommentName (‰) (‰) (2 s.d.) (‰) (2 s.e.) X (µm) Y (µm) Y (µm)

WR41 294 16.62 −13.86 0.26 8.54 0.54 200 −1845 5374

WR41 293.3 15.72 −14.74 0.26 7.65 0.49 220 −1832 5361 Tukey outlier

WR41 295 14.5 −15.92 0.26 6.44 0.49 202 −1860 5390 Tukey outlier

WR41 296 16.95 −13.54 0.26 8.87 0.52 202 −1875 5405

WR41 297 17.34 −13.16 0.26 9.26 0.54 202 −1890 5420

WR41 298 17.33 −13.17 0.26 9.25 0.51 202 −1905 5435

WR41 299 17.44 −13.06 0.26 9.36 0.57 202 −1920 5450

WR41 300 17.25 −13.25 0.26 9.17 0.55 201 −1935 5465

UWC3 G1-146 4.54 0.54 −859 475

UWC3 G1-147 4.53 0.52 −860 442

UWC3 G1-148 4.57 0.55 −861 413

UWC3 G1-149 4.58 0.55 −859 390

Std. 142-149 12.49 4.44 0.26
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Table 20: High-resolution SIMS δ18O values from WR-41-b. All analyses were performed in a single three-day session begin-
ning January 11, 2016.
aIdentical analysis names (WR41 ###) followed by a two character identifier indicate replicates. UWC3 G#-### names
indicate analyses of a grain (usually grain 1, or G1) of UWC-3 calcite (12.49 ‰ (VSMOW)).
bAll values were initially calculated on the VSMOW scale established by the UWC-3 bracketing standard, then con-
verted to the VPDB scale for consistency with other regional speleothem δ18O records using the equation: δ18O VPDB =
(δ18O VSMOW - 30.91)/1.03091.
cThe external precision is 2 times the standard deviation of the typically 8 bracketing UWC-3 calcite standard anal-
yses.
dThe precision of the raw δ18O is the internal error of each analysis, listed at the 95% confidence interval.
eThe yield of each measurement relative to the average yield of the bracketing UWC-3 standards.
fThe depth below the top of WR-41, translated from stage positions to align with the depths of the uranium-thorium,
XRF, and conventional trace element and stable isotope analyses and fit with the other published WR-41 results (Cross
et al., 2015). Values were confirmed by measuring spot positions in post-SIMS image analysis. The resolution is at 15

microns, with some 7-8 micron intervals in areas of rapid δ18O value change.

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-001 2.718 1.21 2.246 0.001

UWC3 G2-002 2.664 1.196 2.228 0.002

UWC3 G3-003 2.708 1.189 2.279 0.001

UWC3 G1-004 2.686 1.19 2.258 0.001

UWC3 G1-005 2.687 1.193 2.252 0.001

WR41 001 −11.73 2.612 1.188 2.199 97.0 0.005 0.004 12.81

WR41 002 −12.51 2.611 1.184 2.206 97.3 0.008 0.007 12.87

WR41 003 −13.07 2.56 1.168 2.192 96.7 0.007 0.006 12.93

WR41 004 −12.64 2.526 1.15 2.195 96.8 0.014 0.013 13.0

WR41 005 −13.32 2.51 1.141 2.199 97.0 0.014 0.013 13.06

WR41 006 −14.1 2.49 1.135 2.194 96.8 0.013 0.012 13.12

WR41 007 −13.53 2.497 1.132 2.205 97.3 0.014 0.013 13.3

WR41 008 −12.1 2.459 1.126 2.183 96.3 0.008 0.007 13.54
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-005 2.549 1.122 2.272 0.001

UWC3 G1-006 2.547 1.116 2.283 0.001

UWC3 G1-007 2.531 1.111 2.278 0.001

UWC3 G1-008 2.609 1.141 2.286 0.001 adj. beam

Std. 1-8 2.267 0.001

UWC3 G1-009 2.564 1.161 2.209 0.001 egun hv = 9999

UWC3 G1-010 2.589 1.165 2.223 0.001

UWC3 G1-011 2.699 1.204 2.241 0.001

UWC3 G1-012 2.747 1.242 2.211 0.001 adj. beam

WR41 009 −12.28 2.643 1.248 2.118 95.8 0.012 0.01 13.63

WR41 010 −13.06 2.645 1.243 2.128 96.3 0.013 0.012 13.64

WR41 011 −15.58 2.645 1.239 2.136 96.6 0.019 0.018 13.66

WR41 012 −11.72 2.632 1.231 2.138 96.8 0.006 0.005 13.67

WR41 013 −12.55 2.592 1.221 2.122 96.0 0.009 0.008 13.69

WR41 013 01 −12.84 2.584 1.209 2.138 96.7 0.008 0.007 13.69

WR41 013 02 −12.46 2.538 1.204 2.107 95.4 0.009 0.008 13.69

WR41 013 03 −12.52 2.531 1.195 2.118 95.8 0.006 0.005 13.69

WR41 011 01 −14.83 2.496 1.18 2.116 95.7 0.015 0.013 13.66

WR41 013 04 −12.72 2.526 1.18 2.14 96.8 0.009 0.008 13.7

WR41 014 −12.58 2.506 1.17 2.141 96.9 0.011 0.01 13.71

WR41 015 −12.38 2.476 1.159 2.137 96.7 0.012 0.011 13.72
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-013 2.567 1.163 2.208 0.001

UWC3 G1-014 2.567 1.168 2.198 0.001

UWC3 G1-015 2.658 1.208 2.2 0.001 adj. beam

UWC3 G1-016 2.698 1.232 2.189 0.001

Std. 9-16 2.21 0.001

WR41 016 −13.42 2.678 1.241 2.157 97.8 0.013 0.012 13.74

WR41 017 −12.81 2.68 1.247 2.15 97.4 0.015 0.014 13.75

WR41 018 −12.23 2.675 1.249 2.141 97.0 0.014 0.013 13.77

WR41 019 −12.75 2.668 1.253 2.129 96.5 0.011 0.01 13.79

WR41 020 −12.9 2.646 1.252 2.113 95.8 0.013 0.012 13.8

WR41 021 −11.73 2.611 1.241 2.105 95.4 0.006 0.005 13.82

WR41 022 −12.37 2.631 1.24 2.122 96.2 0.01 0.009 13.83

WR41 023 −12.4 2.608 1.23 2.12 96.1 0.01 0.009 13.86

WR41 024 −10.83 2.584 1.219 2.119 96.0 0.007 0.006 13.89

WR41 025 −11.62 2.585 1.211 2.135 96.7 0.007 0.006 13.92

WR41 026 −11.43 2.558 1.205 2.123 96.2 0.007 0.006 13.95

WR41 027 −12.29 2.532 1.195 2.119 96.0 0.009 0.008 13.97

UWC3 G1-017 2.576 1.165 2.21 0.001

UWC3 G1-018 2.576 1.162 2.218 0.001

UWC3 G1-019 2.647 1.191 2.223 0.001 adj. beam

UWC3 G1-020 2.694 1.222 2.205 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

Std. 13-20 2.207 0.001

WR41 028 −12.12 2.599 1.234 2.106 95.4 0.015 0.013 14.0

WR41 029 −11.64 2.616 1.238 2.114 95.7 0.009 0.008 14.03

WR41 030 −11.43 2.566 1.225 2.095 94.9 0.008 0.007 14.06

WR41 031 −12.4 2.564 1.224 2.095 94.9 0.01 0.009 14.08

WR41 032 −12.9 2.584 1.232 2.097 95.0 0.017 0.016 14.11

WR41 033 −12.13 2.551 1.227 2.079 94.2 0.01 0.009 14.14 Tukey outlier

WR41 033 01 −12.45 2.583 1.229 2.102 95.2 0.01 0.009 14.14

WR41 034 −11.59 2.579 1.233 2.093 94.8 0.012 0.011 14.16

WR41 035 −12.59 2.596 1.235 2.102 95.2 0.015 0.014 14.19

WR41 036 −9.96 2.549 1.244 2.049 92.8 0.008 0.006 14.22 Tukey outlier

WR41 036 01 −10.66 2.574 1.243 2.072 93.8 0.009 0.008 14.22 Tukey outlier

WR41 037 −12.8 2.7 1.246 2.167 98.1 0.009 0.008 14.25 Tukey outlier

UWC3 G1-021 2.738 1.241 2.206 0.001

UWC3 G1-022 2.714 1.232 2.203 0.001

UWC3 G1-023 2.697 1.225 2.201 0.001

UWC3 G1-024 2.698 1.227 2.199 0.001

Std. 17-24 2.208 0.001

WR41 038 −12.71 2.649 1.239 2.138 97.1 0.009 0.008 14.28

WR41 039 −11.14 2.68 1.247 2.149 97.6 0.004 0.003 14.31
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 040 −12.37 2.698 1.257 2.147 97.5 0.009 0.008 14.34

WR41 041 −13.54 2.702 1.258 2.148 97.5 0.011 0.01 14.37

WR41 042 −11.86 2.605 1.233 2.112 95.9 0.008 0.007 14.39

WR41 043 −11.26 2.591 1.212 2.138 97.1 0.005 0.004 14.41

WR41 044 −11.85 2.589 1.217 2.126 96.6 0.007 0.005 14.43

WR41 045 −12.42 2.611 1.217 2.146 97.4 0.006 0.005 14.46

WR41 046 −12.12 2.564 1.206 2.127 96.6 0.007 0.006 14.48

WR41 047 −11.35 2.578 1.202 2.145 97.4 0.01 0.008 14.51

WR41 048 −10.5 2.535 1.196 2.118 96.2 0.008 0.007 14.53

WR41 049 −10.83 2.54 1.191 2.133 96.9 0.008 0.006 14.55

UWC3 G1-025 2.661 1.207 2.205 0.001

UWC3 G1-026 2.654 1.21 2.193 0.001

UWC3 G1-027 2.665 1.212 2.198 0.001

UWC3 G1-028 2.678 1.21 2.214 0.001

Std. 21-28 2.202 0.001

WR41 050 −11.67 2.508 1.183 2.121 95.8 0.008 0.007 14.58

WR41 051 −11.73 2.492 1.169 2.132 96.4 0.009 0.008 14.6

WR41 052 −11.26 2.471 1.159 2.132 96.3 0.008 0.007 14.63

WR41 053 −11.18 2.474 1.158 2.137 96.5 0.008 0.007 14.65

WR41 054 −11.28 2.468 1.156 2.135 96.5 0.008 0.006 14.67

WR41 055 −11.47 2.451 1.147 2.136 96.5 0.008 0.006 14.7

WR41 056 −11.2 2.438 1.143 2.133 96.4 0.008 0.007 14.72
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 057 −11.28 2.443 1.144 2.135 96.5 0.007 0.005 14.75

WR41 058 −11.74 2.45 1.144 2.141 96.7 0.006 0.005 14.77

WR41 059 −11.61 2.48 1.163 2.133 96.4 0.005 0.004 14.79

WR41 060 −11.71 2.513 1.187 2.117 95.6 0.006 0.005 15.07

WR41 061 −12.27 2.529 1.194 2.118 95.7 0.006 0.005 15.42

WR41 062 −11.98 2.523 1.196 2.109 95.3 0.005 0.004 15.63

UWC3 G1-029 2.63 1.184 2.222 0.001

UWC3 G1-030 2.649 1.182 2.24 0.001

UWC3 G1-031 2.674 1.208 2.214 0.001 adj. beam

UWC3 G1-032 2.752 1.24 2.219 0.001

Std. 25-32 2.213 0.001

WR41 063 −12.43 2.641 1.229 2.148 96.6 0.007 0.005 15.69

WR41 064 −12.36 2.596 1.216 2.135 96.0 0.008 0.006 15.79

WR41 065 −12.37 2.526 1.192 2.119 95.3 0.008 0.006 15.88

WR41 066 −12.25 2.505 1.167 2.146 96.5 0.009 0.007 15.97

WR41 067 −12.13 2.467 1.156 2.135 96.0 0.009 0.008 16.06

WR41 068 −11.99 2.45 1.148 2.134 95.9 0.008 0.006 16.15

WR41 069 −12.25 2.449 1.145 2.139 96.2 0.006 0.004 16.24

WR41 070 −12.25 2.436 1.14 2.136 96.0 0.004 0.002 16.33

WR41 071 −12.31 2.412 1.133 2.128 95.7 0.009 0.007 16.42

WR41 072 −11.71 2.39 1.122 2.13 95.8 0.009 0.007 16.52
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-033 2.469 1.117 2.211 0.001

UWC3 G1-034 2.442 1.105 2.21 0.004

UWC3 G1-035 2.541 1.138 2.232 0.004 adj. beam

UWC3 G1-036 2.642 1.176 2.246 0.001

Std. 29-36 2.224 0.002

WR41 073 −12.26 2.563 1.196 2.143 96.3 0.009 0.007 16.61

WR41 074 −12.12 2.591 1.211 2.139 96.2 0.009 0.007 16.7

WR41 075 −11.85 2.601 1.215 2.14 96.2 0.009 0.007 16.79

WR41 076 −12.35 2.61 1.212 2.155 96.8 0.008 0.006 16.88

WR41 077 −12.25 2.585 1.209 2.139 96.1 0.007 0.005 16.97

WR41 078 −12.38 2.592 1.204 2.154 96.8 0.009 0.007 17.06

WR41 079 −12.09 2.61 1.217 2.145 96.4 0.007 0.005 17.15

WR41 080 −12.8 2.612 1.221 2.14 96.2 0.007 0.005 17.24

WR41 081 −12.2 2.633 1.225 2.15 96.6 0.007 0.006 17.33

WR41 082 −11.68 2.605 1.259 2.069 93.0 0.006 0.005 17.42 Tukey outlier

WR41 083 −11.84 2.572 1.214 2.118 95.2 0.005 0.003 17.51

WR41 084 −12.49 2.605 1.218 2.139 96.1 0.005 0.003 17.6

UWC3 G1-037 2.76 1.232 2.24 0.001

UWC3 G1-038 2.798 1.249 2.241 0.001

UWC3 G1-039 2.754 1.247 2.21 0.001

UWC3 G1-040 2.749 1.244 2.21 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

Std. 33-40 2.225 0.002

WR41 085 −11.8 2.635 1.235 2.134 96.4 0.005 0.004 17.69

WR41 086 −11.74 2.602 1.227 2.12 95.7 0.005 0.004 17.78

WR41 087 −12.09 2.602 1.22 2.133 96.3 0.007 0.006 17.85

WR41 088 −11.9 2.596 1.221 2.125 96.0 0.007 0.006 17.96

WR41 089 −11.91 2.644 1.24 2.133 96.3 0.007 0.006 18.05

WR41 090 −12.01 2.662 1.247 2.134 96.4 0.008 0.007 18.14

WR41 091 −12.34 2.679 1.248 2.146 96.9 0.007 0.006 18.23

WR41 092 −12.43 2.66 1.246 2.134 96.4 0.007 0.006 18.32

WR41 093 −12.1 2.62 1.236 2.12 95.7 0.007 0.006 18.41

WR41 094 −13.04 2.608 1.221 2.135 96.4 0.007 0.006 18.5

UWC3 G1-041 2.688 1.218 2.207 0.001

UWC3 G1-042 2.68 1.217 2.203 0.001

UWC3 G1-043 2.664 1.207 2.207 0.001

UWC3 G1-044 2.62 1.192 2.198 0.001

Std. 37-44 2.215 0.001

WR41 095 −12.99 2.536 1.185 2.141 96.8 0.008 0.007 18.59

WR41 096 −13.5 2.509 1.175 2.135 96.5 0.009 0.008 18.68

WR41 097 −13.09 2.469 1.165 2.119 95.8 0.009 0.008 18.77

WR41 098 −12.94 2.48 1.166 2.127 96.2 0.009 0.008 18.95

WR41 099 −12.39 2.492 1.167 2.136 96.5 0.008 0.007 19.23
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 100 −12.62 2.493 1.171 2.129 96.2 0.007 0.006 19.5

WR41 101 −12.81 2.497 1.171 2.132 96.4 0.008 0.007 19.78

WR41 102 −12.63 2.5 1.173 2.132 96.3 0.008 0.007 20.05

WR41 103 −12.87 2.508 1.179 2.128 96.2 0.008 0.007 20.32

WR41 104 −13.02 2.513 1.181 2.128 96.2 0.006 0.005 20.88

UWC3 G1-045 2.61 1.181 2.21 0.001

UWC3 G1-046 2.605 1.175 2.218 0.001

UWC3 G1-047 2.588 1.168 2.215 0.001

UWC3 G1-048 2.649 1.182 2.241 0.001

Std. 41-48 2.212 0.001

WR41 105 −13.61 2.528 1.186 2.131 95.6 0.008 0.007 21.16

WR41 106 −13.47 2.493 1.172 2.126 95.4 0.005 0.004 21.43

WR41 107 −13.29 2.471 1.157 2.135 95.8 0.005 0.003 21.71

WR41 108 −12.62 2.448 1.146 2.136 95.9 0.005 0.004 21.98

WR41 109 −13.66 2.439 1.136 2.147 96.3 0.005 0.004 22.25

WR41 110 −14.13 2.419 1.125 2.15 96.5 0.008 0.007 22.53

WR41 111 −14.29 2.402 1.116 2.152 96.6 0.008 0.007 22.8

WR41 112 −13.04 2.402 1.116 2.151 96.5 0.005 0.004 23.08

UWC3 G1-049 2.509 1.124 2.233 0.001

UWC3 G1-050 2.505 1.117 2.242 0.001

UWC3 G1-051 2.504 1.112 2.251 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-052 2.439 1.1 2.217 0.002

Std. 45-52 2.228 0.001

New day: 1/13/16

UWC3 G1-053 2.741 1.227 2.234 0.001

UWC3 G1-054 2.776 1.246 2.227 0.001

UWC3 G1-055 2.758 1.251 2.204 0.001

UWC3 G1-056 2.748 1.25 2.199 0.001

WR41 113 −14.22 2.65 1.242 2.134 96.1 0.009 0.008 23.3

WR41 114 −13.36 2.633 1.231 2.139 96.3 0.004 0.003 23.57

WR41 115 −13.5 2.609 1.217 2.144 96.5 0.004 0.003 23.84

WR41 116 −13.5 2.561 1.198 2.137 96.2 0.004 0.003 24.12

WR41 117 −13.41 2.529 1.176 2.15 96.8 0.004 0.003 24.42

WR41 118 −12.91 2.504 1.171 2.139 96.2 0.004 0.003 24.69

WR41 119 −12.91 2.496 1.166 2.14 96.3 0.004 0.003 24.97

WR41 120 −12.68 2.492 1.162 2.145 96.5 0.005 0.004 25.24

WR41 121 −13.35 2.496 1.164 2.144 96.5 0.007 0.006 25.52

WR41 122 −13.6 2.513 1.168 2.151 96.8 0.008 0.007 25.79

WR41 123 −13.24 2.501 1.17 2.137 96.2 0.007 0.006 26.06

WR41 124 −12.6 2.508 1.172 2.139 96.3 0.006 0.005 26.34

UWC3 G1-057 2.61 1.173 2.225 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-058 2.589 1.167 2.218 0.001

UWC3 G1-059 2.573 1.16 2.219 0.001

UWC3 G1-060 2.635 1.171 2.25 0.001 adj. beam

Std. 53-60 2.222 0.001

WR41 125 −13.92 2.582 1.195 2.161 97.0 0.008 0.007 26.63

WR41 126 −13.19 2.554 1.193 2.142 96.1 0.007 0.006 26.9

WR41 127 −13.12 2.557 1.19 2.148 96.4 0.007 0.006 27.17

WR41 128 −13.37 2.576 1.199 2.148 96.4 0.008 0.007 27.45

WR41 129 −13.19 2.593 1.208 2.146 96.3 0.009 0.007 27.73

WR41 130 −13.33 2.588 1.207 2.143 96.2 0.009 0.008 28.01

WR41 131 −14.61 2.602 1.208 2.154 96.7 0.011 0.01 28.3

WR41 132 −13.05 2.576 1.205 2.138 96.0 0.009 0.008 28.52

WR41 133 −13.15 2.582 1.204 2.144 96.2 0.009 0.007 28.61

WR41 134 −13.62 2.567 1.198 2.142 96.1 0.01 0.008 28.7

WR41 135 −12.94 2.562 1.193 2.148 96.4 0.009 0.008 28.79

WR41 136 −12.88 2.541 1.192 2.131 95.7 0.007 0.006 28.87

UWC3 G1-061 2.62 1.178 2.224 0.001

UWC3 G1-062 2.592 1.167 2.221 0.001

UWC3 G1-063 2.595 1.164 2.23 0.001

UWC3 G1-064 2.659 1.188 2.238 0.001 adj. beam

Std. 57-64 2.228 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 137 −13.22 2.633 1.232 2.137 96.1 0.008 0.007 28.96

WR41 138 −13.53 2.689 1.252 2.148 96.6 0.008 0.007 29.05

WR41 139 −13.29 2.677 1.251 2.139 96.2 0.007 0.006 29.14

WR41 140 −13.18 2.657 1.243 2.137 96.2 0.005 0.004 29.23

WR41 141 −13.6 2.66 1.246 2.135 96.1 0.004 0.003 29.31

WR41 142 −13.71 2.664 1.238 2.152 96.8 0.005 0.004 29.39

WR41 143 −13.97 2.665 1.237 2.153 96.9 0.008 0.007 29.48

WR41 144 −13.69 2.665 1.242 2.145 96.5 0.004 0.003 29.57

WR41 145 −13.52 2.692 1.257 2.141 96.3 0.01 0.009 29.66

WR41 146 −13.29 2.701 1.27 2.127 95.7 0.012 0.011 29.73

WR41 147 −13.52 2.733 1.275 2.144 96.5 0.013 0.012 29.75

WR41 148 −13.77 2.727 1.273 2.142 96.4 0.011 0.01 29.77

UWC3 G1-065 2.824 1.273 2.219 0.001

UWC3 G1-066 2.856 1.284 2.224 0.001

UWC3 G1-067 2.824 1.278 2.209 0.001

UWC3 G1-068 2.811 1.27 2.213 0.001

Std. 61-68 2.222 0.001

WR41 149 −13.59 2.702 1.27 2.127 96.1 0.011 0.01 29.8

WR41 149 01 −13.21 2.684 1.264 2.124 95.9 0.01 0.009 29.8

WR41 150 −13.39 2.67 1.238 2.156 97.4 0.011 0.01 29.82

WR41 151 −12.96 2.641 1.23 2.147 97.0 0.01 0.009 29.85
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 152 −13.7 2.634 1.226 2.148 97.0 0.013 0.012 30.17

WR41 153 −13.39 2.633 1.224 2.151 97.2 0.012 0.011 30.52

WR41 154 −13.81 2.625 1.225 2.144 96.8 0.011 0.01 30.87

WR41 155 −14.08 2.608 1.222 2.134 96.4 0.014 0.013 31.22

WR41 156 −14.01 2.65 1.238 2.141 96.7 0.011 0.01 31.57

WR41 157 −14.58 2.665 1.244 2.143 96.8 0.012 0.011 31.93 SEM1

WR41 158 −13.82 2.662 1.244 2.139 96.6 0.008 0.007 32.28

WR41 157 01 −14.12 2.615 1.233 2.121 95.8 0.005 0.004 31.93

UWC3 G1-069 2.691 1.216 2.212 0.001

UWC3 G1-070 2.693 1.21 2.225 0.001

UWC3 G1-071 2.66 1.208 2.202 0.001

UWC3 G1-072 2.65 1.202 2.205 0.001

Std. 65-72 2.214 0.001

WR41 159 −13.81 2.555 1.198 2.133 96.3 0.009 0.007 32.64

WR41 160 −12.98 2.537 1.191 2.131 96.2 0.007 0.006 32.98

WR41 161 −13.54 2.522 1.184 2.131 96.2 0.008 0.007 33.31 SEM1

WR41 162 −13.93 2.54 1.184 2.145 96.8 0.007 0.006 33.64

WR41 163 −14.3 2.57 1.19 2.159 97.4 0.011 0.01 33.98

WR41 164 −14.13 2.541 1.187 2.142 96.7 0.011 0.01 34.31

WR41 165 −14.43 2.533 1.178 2.149 97.0 0.006 0.005 34.78

WR41 166 −13.6 2.544 1.189 2.14 96.6 0.007 0.006 35.11

WR41 167 −13.39 2.554 1.191 2.145 96.8 0.01 0.009 35.45
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 168 −14.03 2.576 1.2 2.147 96.9 0.01 0.009 35.78

WR41 169 −13.95 2.582 1.208 2.137 96.5 0.009 0.008 36.12

WR41 170 −14.07 2.584 1.209 2.137 96.4 0.008 0.007 36.45

UWC3 G1-073 2.73 1.223 2.233 0.001

UWC3 G1-074 2.719 1.227 2.216 0.001

UWC3 G1-075 2.706 1.224 2.212 0.001

UWC3 G1-076 2.719 1.223 2.223 0.001

Std. 69-76 2.216 0.001

WR41 171 −13.73 2.606 1.221 2.134 95.8 0.012 0.011 36.69 SEM1

WR41 172 −15.55 2.579 1.203 2.143 96.2 0.013 0.012 36.73

WR41 173 −15.25 2.576 1.198 2.151 96.6 0.011 0.01 36.76

WR41 174 −14.84 2.542 1.187 2.142 96.2 0.012 0.011 36.81

WR41 175 −14.05 2.574 1.186 2.17 97.4 0.011 0.01 36.84

WR41 176 −13.25 2.559 1.192 2.147 96.4 0.011 0.01 36.88

WR41 177 −14.57 2.59 1.193 2.17 97.4 0.017 0.016 36.92

WR41 178 −13.34 2.581 1.201 2.149 96.5 0.008 0.007 36.96

WR41 179 −14.28 2.601 1.209 2.151 96.6 0.012 0.011 37.0

WR41 180 −13.71 2.616 1.222 2.141 96.1 0.011 0.01 37.04

WR41 181 −13.99 2.612 1.218 2.145 96.3 0.008 0.007 37.08

WR41 182 −14.46 2.601 1.205 2.158 96.9 0.011 0.01 37.12

WR41 183 −15.28 2.613 1.21 2.16 97.0 0.014 0.013 37.17

WR41 184 −13.23 2.574 1.203 2.14 96.1 0.007 0.006 37.22

333



Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 185 −13.82 2.57 1.197 2.147 96.4 0.013 0.012 37.27

UWC3 G1-077 2.672 1.193 2.241 0.001

UWC3 G1-078 2.634 1.185 2.222 0.001

UWC3 G1-079 2.632 1.18 2.23 0.001

UWC3 G1-080 2.66 1.187 2.24 0.001

Std.73-80 2.227 0.001

WR41 186 −13.44 2.572 1.192 2.157 96.5 0.015 0.014 37.32

WR41 187 −13.0 2.571 1.198 2.146 96.0 0.01 0.009 37.37

WR41 188 −13.39 2.582 1.201 2.149 96.1 0.01 0.009 37.4

WR41 189 −14.05 2.585 1.194 2.165 96.8 0.012 0.011 37.41

WR41 190 −13.98 2.561 1.192 2.149 96.1 0.013 0.012 37.43

WR41 191 −14.81 2.573 1.185 2.171 97.1 0.015 0.013 37.44

WR41 192 −12.52 2.538 1.177 2.157 96.4 0.008 0.007 37.46

WR41 192 01 −14.32 2.512 1.163 2.161 96.6 0.011 0.009 37.47

WR41 193 −12.97 2.487 1.155 2.154 96.3 0.009 0.008 37.48 SEM1

WR41 194 −12.85 2.496 1.158 2.156 96.4 0.009 0.008 37.5

WR41 195 −13.33 2.5 1.158 2.16 96.6 0.008 0.007 37.51

WR41 196 −12.99 2.495 1.161 2.149 96.1 0.008 0.007 37.53

WR41 197 −12.63 2.453 1.141 2.15 96.1 0.008 0.007 37.55

UWC3 G1-081 2.514 1.127 2.23 0.001

UWC3 G1-082 2.526 1.131 2.234 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-083 2.614 1.163 2.248 0.001 adj. beam

UWC3 G1-084 2.685 1.195 2.246 0.001

Std. 77-84 2.237 0.001

WR41 198 −13.52 2.623 1.213 2.162 97.2 0.01 0.008 37.56

WR41 199 −13.5 2.586 1.207 2.142 96.3 0.012 0.01 37.58

WR41 200 −13.61 2.556 1.201 2.129 95.7 0.011 0.01 37.59

WR41 201 −13.2 2.575 1.203 2.14 96.2 0.008 0.007 37.61

WR41 202 −13.24 2.598 1.202 2.161 97.2 0.009 0.008 37.62

WR41 203 −12.34 2.573 1.202 2.14 96.2 0.005 0.004 37.64

WR41 204 −13.85 2.621 1.218 2.152 96.8 0.005 0.004 37.65

WR41 205 −14.56 2.651 1.233 2.15 96.7 0.01 0.009 37.67

WR41 206 −14.75 2.669 1.241 2.15 96.7 0.018 0.017 37.79

WR41 207 −13.47 2.673 1.253 2.134 96.0 0.011 0.01 38.01

WR41 208 −14.44 2.708 1.26 2.149 96.6 0.017 0.015 38.22

WR41 209 −13.65 2.691 1.265 2.127 95.6 0.01 0.009 38.43

WR41 210 −14.72 2.591 1.263 2.052 92.2 0.013 0.012 38.65 Tukey outlier, SEM2

WR41 211 −14.9 2.416 1.258 1.92 86.3 0.01 0.009 38.86 Tukey outlier, SEM2

UWC3 G1-085 2.823 1.27 2.223 0.001

UWC3 G1-086 2.805 1.273 2.203 0.001

UWC3 G1-087 2.783 1.269 2.193 0.001

UWC3 G1-088 2.792 1.26 2.215 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

Std.81-88 2.224 0.001

WR41 212 −13.81 2.641 1.242 2.127 95.9 0.01 0.009 39.08 SEM1

WR41 213 −14.03 2.62 1.233 2.124 95.8 0.011 0.01 39.3

WR41 214 −14.46 2.628 1.231 2.135 96.3 0.01 0.009 39.51

WR41 214 01 −13.77 2.631 1.231 2.137 96.4 0.008 0.007 39.54

WR41 215 −14.33 2.639 1.234 2.138 96.4 0.009 0.008 39.79

WR41 216 −13.93 2.64 1.245 2.12 95.6 0.007 0.006 40.26

WR41 217 −14.53 2.643 1.241 2.13 96.1 0.014 0.012 40.73

WR41 218 −16.22 2.422 1.235 1.961 88.5 0.011 0.01 41.2 Tukey outlier, SEM2

WR41 219 −14.71 2.62 1.229 2.132 96.1 0.012 0.011 41.67

WR41 220 −14.25 2.621 1.226 2.138 96.4 0.011 0.009 42.14

WR41 221 −14.95 2.44 1.221 1.998 90.1 0.012 0.011 42.6 Tukey outlier, SEM2

WR41 222 −15.0 2.53 1.213 2.086 94.1 0.012 0.011 43.09 Tukey outlier, SEM2

UWC3 G1-089 2.67 1.203 2.22 0.001

UWC3 G1-090 2.691 1.202 2.24 0.001

UWC3 G1-091 2.689 1.208 2.225 0.001

UWC3 G1-092 2.689 1.21 2.222 0.001

Std. 85-92 2.218 0.001

WR41 223 −13.62 2.557 1.201 2.128 95.5 0.014 0.013 43.46

WR41 224 −14.04 2.566 1.198 2.142 96.2 0.016 0.015 43.84

WR41 225 −13.91 2.556 1.194 2.141 96.1 0.015 0.014 44.21
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 226 −13.94 2.558 1.196 2.139 96.0 0.016 0.015 44.6 SEM1

WR41 227 −14.86 2.483 1.188 2.09 93.8 0.018 0.017 44.99 Tukey outlier, SEM2

WR41 228 −14.02 2.58 1.192 2.165 97.2 0.016 0.015 45.74

WR41 229 −14.23 2.573 1.189 2.164 97.1 0.014 0.013 46.11

WR41 230 −14.24 2.521 1.176 2.143 96.2 0.013 0.012 46.48 SEM1

WR41 231 −13.71 2.482 1.164 2.133 95.7 0.012 0.011 46.86

WR41 232 −13.19 2.487 1.165 2.136 95.9 0.008 0.007 47.23 SEM1

WR41 233 −14.45 2.468 1.16 2.128 95.5 0.02 0.019 47.62 SEM2

WR41 234 −14.48 2.491 1.168 2.133 95.7 0.009 0.008 48.0 SEM1

WR41 235 −14.24 2.524 1.179 2.141 96.1 0.011 0.01 48.37

WR41 236 −15.81 2.36 1.189 1.985 89.1 0.012 0.011 48.74 Tukey outlier, SEM2

WR41 236 01 −14.42 2.552 1.19 2.144 96.2 0.012 0.011 48.76

UWC3 G1-093 2.673 1.192 2.242 0.001

UWC3 G1-094 2.658 1.2 2.215 0.001

UWC3 G1-095 2.664 1.2 2.22 0.001

UWC3 G1-096 2.681 1.197 2.24 0.001

Std. 89-96 2.228 0.001

WR41 237 −14.18 2.585 1.203 2.148 96.5 0.016 0.015 49.13

WR41 238 −13.85 2.584 1.21 2.136 95.9 0.008 0.007 49.51

WR41 239 −13.93 2.589 1.209 2.142 96.2 0.012 0.011 49.86

WR41 240 −14.16 2.577 1.211 2.128 95.5 0.009 0.008 50.11

WR41 241 −14.85 2.604 1.207 2.157 96.9 0.014 0.013 50.35 SEM1
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 242 −14.33 2.573 1.199 2.146 96.4 0.013 0.012 50.6 SEM1

WR41 243 −13.87 2.539 1.202 2.111 94.8 0.013 0.012 50.85 SEM1

WR41 244 −14.55 2.497 1.215 2.055 92.3 0.012 0.011 51.09 Tukey outlier, SEM2

WR41 245 −14.69 2.535 1.212 2.092 93.9 0.015 0.014 52.0 Tukey outlier, SEM2

WR41 246 −14.28 2.437 1.21 2.014 90.4 0.013 0.012 53.11 Tukey outlier, SEM2

WR41 247 −13.3 2.574 1.21 2.127 95.5 0.007 0.006 54.21 SEM1

WR41 248 −14.29 2.598 1.21 2.148 96.5 0.014 0.013 55.32

UWC3 G1-097 2.706 1.214 2.228 0.001

UWC3 G1-098 2.739 1.227 2.232 0.001

UWC3 G1-099 2.765 1.245 2.22 0.001

UWC3 G1-100 2.764 1.247 2.217 0.001

Std. 93-100 2.227 0.001

New day: 1/14/16

UWC3 G1-101 2.674 1.195 2.238 0.001

UWC3 G1-102 2.673 1.201 2.226 0.001

UWC3 G1-103 2.681 1.201 2.231 0.001

UWC3 G1-104 2.673 1.201 2.226 0.001

WR41 249 −13.44 2.614 1.202 2.176 97.5 0.01 0.009 57.0 SEM1

WR41 250 −13.45 2.587 1.207 2.143 96.1 0.007 0.006 55.89

WR41 251 −13.97 2.483 1.201 2.067 92.7 0.014 0.013 58.1 Tukey outlier, SEM1
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 252 −14.07 2.447 1.207 2.028 90.9 0.014 0.013 59.21 Tukey outlier, SEM1

WR41 253 −13.74 2.61 1.207 2.162 96.9 0.011 0.01 60.31

WR41 254 −14.15 2.616 1.219 2.145 96.2 0.011 0.011 61.42 SEM1

WR41 255 −14.72 2.639 1.222 2.159 96.8 0.018 0.017 62.52

WR41 256 −14.02 2.62 1.216 2.155 96.6 0.016 0.015 63.63 SEM1

WR41 257 −13.95 2.598 1.217 2.135 95.7 0.016 0.015 64.73

WR41 258 −13.69 2.629 1.217 2.161 96.9 0.013 0.012 65.84

WR41 259 −13.32 2.606 1.211 2.152 96.5 0.014 0.013 66.65

WR41 260 −12.12 2.582 1.205 2.142 96.0 0.008 0.008 67.45

UWC3 G1-105 2.649 1.194 2.219 0.001

UWC3 G1-106 2.654 1.195 2.222 0.001

UWC3 G1-107 2.684 1.191 2.254 0.001

UWC3 G1-108 2.659 1.192 2.231 0.001

Std. 101-108 2.231 0.001

WR41 261 −12.52 2.52 1.194 2.11 94.6 0.01 0.01 68.25 Tukey outlier

WR41 262 −12.77 2.552 1.2 2.126 95.3 0.01 0.009 69.05

WR41 263 −13.46 2.62 1.222 2.144 96.1 0.007 0.006 69.84 SEM1

WR41 264 −13.83 2.698 1.249 2.16 96.8 0.006 0.005 70.64

WR41 265 −14.3 2.695 1.255 2.147 96.2 0.009 0.008 71.44

WR41 266 −13.86 2.663 1.256 2.121 95.1 0.011 0.01 72.24

WR41 267 −14.48 2.651 1.249 2.123 95.2 0.012 0.011 73.04

WR41 268 −15.37 2.568 1.247 2.059 92.3 0.016 0.015 73.84 Tukey outlier, SEM2
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 269 −14.65 2.576 1.249 2.062 92.4 0.013 0.012 74.56 Tukey outlier, SEM2

WR41 268 01 −13.49 2.66 1.257 2.116 94.9 0.014 0.013 73.93 SEM1

WR41 269 01 −14.46 2.706 1.256 2.153 96.5 0.017 0.016 74.57 SEM1

WR41 270 −15.24 2.721 1.257 2.165 97.1 0.021 0.02 75.37 Tukey outlier, SEM1

WR41 271 −14.32 2.651 1.242 2.134 95.7 0.01 0.01 76.17 SEM1

WR41 272 −14.35 2.63 1.226 2.145 96.1 0.017 0.016 76.97

UWC3 G1-109 2.71 1.217 2.228 0.001

UWC3 G1-110 2.697 1.211 2.227 0.001

UWC3 G1-111 2.702 1.208 2.236 0.001

UWC3 G1-112 2.706 1.213 2.231 0.001

Std. 105-112 2.231 0.001

WR41 273 −14.55 2.603 1.212 2.148 96.4 0.011 0.01 77.74

WR41 274 −15.43 2.514 1.203 2.091 93.8 0.014 0.013 78.18 Tukey outlier, SEM2

WR41 274 01 −15.02 2.592 1.197 2.165 97.1 0.018 0.017 78.18 SEM1

WR41 275 −14.42 2.538 1.204 2.108 94.6 0.016 0.015 78.4 Tukey outlier, SEM1

WR41 276 −14.53 2.568 1.199 2.142 96.1 0.014 0.014 78.61 SEM1

WR41 277 −14.17 2.547 1.191 2.139 96.0 0.016 0.015 78.82 SEM1

WR41 278 −14.22 2.57 1.19 2.16 96.9 0.013 0.012 79.04 SEM1

WR41 279 −13.66 2.524 1.178 2.143 96.1 0.015 0.014 79.07 SEM1

WR41 279 01 −13.76 2.512 1.165 2.156 96.7 0.014 0.013 79.07 SEM1

WR41 280 −14.03 2.475 1.165 2.124 95.3 0.017 0.016 79.1 SEM1

WR41 281 −13.28 2.511 1.161 2.163 97.0 0.015 0.014 79.13
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 282 −13.58 2.513 1.167 2.153 96.6 0.011 0.01 79.15

UWC3 G1-113 2.551 1.147 2.225 0.001

UWC3 G1-114 2.538 1.144 2.218 0.001

UWC3 G1-115 2.581 1.157 2.231 0.001 adj. beam

UWC3 G1-116 2.595 1.161 2.236 0.001

Std. 109-116 2.229 0.001

WR41 283 −13.46 2.48 1.154 2.149 96.3 0.014 0.013 79.18

WR41 284 −13.2 2.462 1.15 2.14 95.9 0.012 0.011 79.21

WR41 285 −14.78 2.461 1.147 2.145 96.1 0.019 0.018 79.24

WR41 286 −16.81 2.45 1.127 2.174 97.4 0.02 0.019 79.27 Tukey outlier

WR41 286 01 −16.11 2.408 1.118 2.153 96.5 0.016 0.015 79.27

WR41 218 01 −15.1 2.438 1.107 2.204 98.7 0.012 0.011 41.06 Tukey outlier, SEM1

UWC3 G1-117 2.491 1.114 2.237 0.001

UWC3 G1-118 2.531 1.136 2.229 0.001

UWC3 G1-119 2.52 1.131 2.228 0.001

UWC3 G1-120 2.554 1.132 2.257 0.001 adj. beam

Std. 113-120 2.233 0.001

WR41 283.5 −14.73 2.507 1.159 2.163 97.2 0.012 0.011 79.2

WR41 284.5 −14.31 2.514 1.171 2.146 96.5 0.011 0.01 79.23
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 285.5 −15.73 2.542 1.171 2.17 97.6 0.018 0.017 79.26

WR41 203 01 −13.02 2.527 1.164 2.17 97.6 0.012 0.011 37.63

WR41 160 01 −13.32 2.494 1.16 2.15 96.6 0.009 0.008 32.86

WR41 131 01 −13.06 2.482 1.151 2.156 96.9 0.009 0.008 28.22

WR41 001.5 −11.84 2.481 1.149 2.16 97.1 0.007 0.007 12.83

WR41 002.5 −12.39 2.479 1.146 2.163 97.3 0.008 0.007 12.89

WR41 003.5 −12.25 2.46 1.141 2.156 96.9 0.002 0.002 12.97

WR41 004.5 −13.47 2.478 1.14 2.173 97.7 0.013 0.012 13.03

WR41 005.5 −13.45 2.444 1.138 2.147 96.5 0.009 0.008 13.09

WR41 006.5 −11.66 2.456 1.137 2.161 97.1 0.006 0.005 13.18

UWC3 G1-121 2.475 1.125 2.2 0.001

UWC3 G1-122 2.483 1.121 2.216 0.001

UWC3 G1-123 2.56 1.156 2.216 0.001 adj. beam

UWC3 G1-124 2.623 1.185 2.213 0.001

Std. 117-124 2.224 0.001

WR41 007.5 −12.01 2.593 1.197 2.167 97.5 0.011 0.01 13.42

WR41 008.5 −15.66 2.634 1.209 2.179 98.1 0.024 0.023 13.62 Tukey outlier

WR41 008.5 01 −15.5 2.607 1.202 2.168 97.6 0.025 0.024 13.62 Tukey outlier

WR41 008.25 −13.09 2.585 1.199 2.155 97.0 0.012 0.011 13.57

WR41 009.5 −12.32 2.583 1.198 2.156 97.1 0.01 0.009 13.63

WR41 010.5 −11.46 2.61 1.204 2.168 97.6 0.018 0.017 13.65

WR41 011.5 −13.28 2.606 1.213 2.149 96.7 0.02 0.019 13.67
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 012.5 −12.27 2.592 1.215 2.133 96.0 0.005 0.004 13.68

WR41 013.5 −12.57 2.54 1.194 2.127 95.8 0.011 0.01 13.7

WR41 014.5 −13.61 2.546 1.179 2.159 97.2 0.018 0.018 13.72

WR41 015.5 −13.11 2.545 1.176 2.165 97.4 0.012 0.012 13.73

WR41 016.5 −13.59 2.558 1.177 2.173 97.8 0.018 0.017 13.75

WR41 017.5 −11.79 2.526 1.167 2.163 97.4 0.011 0.01 13.76

UWC3 G1-125 2.59 1.168 2.218 0.001

UWC3 G1-126 2.586 1.155 2.24 0.001

UWC3 G1-127 2.579 1.152 2.238 0.001

UWC3 G1-128 2.664 1.194 2.23 0.001 adj. beam

Std. 121-128 2.221 0.001

WR41 018.5 −12.46 2.623 1.221 2.148 96.8 0.013 0.012 13.78

WR41 019.5 −13.59 2.673 1.238 2.159 97.3 0.012 0.012 13.79

WR41 020.5 −13.77 2.689 1.257 2.139 96.4 0.018 0.017 13.81

WR41 021.5 −12.54 2.698 1.273 2.12 95.5 0.009 0.008 13.82

WR41 022.5 −12.23 2.722 1.28 2.127 95.9 0.01 0.009 13.85

WR41 023.5 −11.58 2.71 1.274 2.127 95.9 0.007 0.006 13.88

WR41 024.5 −11.0 2.712 1.276 2.125 95.8 0.006 0.005 13.91

WR41 025.5 −11.19 2.722 1.277 2.132 96.1 0.007 0.006 13.93

WR41 026.5 −11.38 2.696 1.27 2.123 95.7 0.007 0.006 13.96

WR41 027.5 −12.58 2.683 1.264 2.123 95.7 0.012 0.011 13.99

WR41 028.5 −12.97 2.701 1.264 2.136 96.3 0.014 0.013 14.02
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 029.5 −12.24 2.721 1.264 2.154 97.1 0.013 0.012 14.04

WR41 030.5 −12.7 2.701 1.259 2.144 96.7 0.016 0.016 14.07

WR41 031.5 −12.03 2.695 1.268 2.125 95.8 0.014 0.013 14.1

UWC3 G1-129 2.81 1.274 2.206 0.001

UWC3 G1-130 2.825 1.277 2.212 0.001

UWC3 G1-131 2.813 1.276 2.204 0.001

UWC3 G1-132 2.807 1.275 2.202 0.001

Std. 125-132 2.219 0.001

WR41 032.5 −12.58 2.701 1.271 2.126 96.0 0.011 0.01 14.13

WR41 032.5 01 −12.87 2.697 1.267 2.128 96.2 0.011 0.01 14.12

WR41 033.5 −11.94 2.681 1.262 2.124 96.0 0.01 0.009 14.15

WR41 034.5 −12.3 2.648 1.248 2.121 95.8 0.01 0.01 14.18

WR41 035.5 −12.27 2.626 1.251 2.099 94.8 0.014 0.014 14.21

WR41 036.5 −11.67 2.573 1.249 2.059 93.1 0.007 0.006 14.23 Tukey outlier

WR41 037.5 −12.25 2.67 1.242 2.15 97.1 0.011 0.01 14.27

WR41 038.5 −11.05 2.668 1.238 2.155 97.4 0.005 0.004 14.29

WR41 039.5 −11.75 2.657 1.234 2.153 97.3 0.005 0.005 14.32

WR41 040.5 −12.24 2.648 1.232 2.149 97.1 0.007 0.006 14.35

WR41 041.5 −12.06 2.653 1.233 2.152 97.2 0.01 0.009 14.38

WR41 042.5 −11.66 2.637 1.229 2.147 97.0 0.007 0.006 14.4

UWC3 G1-133 2.711 1.224 2.215 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

UWC3 G1-134 2.709 1.219 2.223 0.001

UWC3 G1-135 2.7 1.216 2.221 0.001

UWC3 G1-136 2.69 1.211 2.221 0.001

Std. 129-136 2.213 0.001

WR41 043.5 −12.04 2.592 1.206 2.15 96.7 0.006 0.005 14.42

WR41 044.5 −11.8 2.596 1.207 2.15 96.7 0.007 0.006 14.45

WR41 045.5 −12.71 2.576 1.201 2.144 96.4 0.006 0.005 14.47

WR41 046.5 −11.72 2.6 1.209 2.151 96.7 0.01 0.009 14.5

WR41 047.5 −11.37 2.633 1.218 2.161 97.2 0.009 0.008 14.52

WR41 048.5 −10.77 2.6 1.217 2.137 96.1 0.008 0.007 14.54

WR41 049.5 −11.52 2.603 1.216 2.141 96.3 0.008 0.007 14.57

WR41 050.5 −11.75 2.611 1.226 2.13 95.8 0.009 0.008 14.59

WR41 051.5 −11.61 2.605 1.223 2.131 95.8 0.008 0.008 14.62

WR41 052.5 −11.17 2.59 1.212 2.138 96.1 0.008 0.007 14.64

WR41 053.5 −11.46 2.557 1.201 2.129 95.8 0.008 0.007 14.66

WR41 054.5 −11.44 2.563 1.199 2.137 96.1 0.008 0.007 14.69

UWC3 G1-137 2.668 1.209 2.206 0.001

UWC3 G1-138 2.591 1.21 2.141 0.004

UWC3 G1-139 2.697 1.205 2.238 0.001

UWC3 G1-140 2.698 1.207 2.235 0.001

UWC3 G1-141 2.685 1.205 2.229 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

Std. 133-141 2.224 0.001

WR41 055.5 −11.35 2.545 1.195 2.13 95.5 0.007 0.006 14.71

WR41 056.5 −11.39 2.559 1.192 2.146 96.2 0.006 0.005 14.73

WR41 057.5 −12.06 2.542 1.187 2.142 96.1 0.004 0.004 14.76

WR41 058.5 −12.46 2.556 1.184 2.159 96.8 0.006 0.005 14.78

WR41 059.5 −12.11 2.541 1.184 2.146 96.3 0.006 0.005 14.89

WR41 060.5 −12.17 2.568 1.187 2.163 97.0 0.005 0.005 15.25

WR41 061.5 −12.63 2.57 1.19 2.16 96.9 0.009 0.008 15.54

WR41 287 −13.83 2.578 1.194 2.159 96.8 0.012 0.011 79.31

WR41 288 −13.85 2.594 1.195 2.171 97.4 0.013 0.012 79.34

WR41 289 −14.01 2.577 1.198 2.152 96.5 0.012 0.011 79.36

WR41 290 −14.57 2.617 1.205 2.172 97.4 0.019 0.018 79.39

WR41 291 −14.6 2.585 1.204 2.147 96.3 0.022 0.021 79.42 Tukey outlier

WR41 292 −14.43 2.583 1.203 2.148 96.3 0.022 0.021 79.45 Tukey outlier

WR41 292 01 −14.71 2.572 1.201 2.142 96.1 0.023 0.022 79.45 Tukey outlier

WR41 293 −15.9 2.622 1.203 2.178 97.7 0.029 0.028 79.48 Tukey outlier

UWC3 G1-142 2.707 1.211 2.236 0.001

UWC3 G1-143 2.715 1.216 2.233 0.001

UWC3 G1-144 2.708 1.216 2.227 0.001

UWC3 G1-145 2.72 1.219 2.232 0.001

Std. 137-145 2.229 0.001
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Table 20: WR-41 b SIMS Data II continued...

Analysisa δ18O VPDB
b 16O- Beam Yield % Std.e

16OH/16O
16OH/16O Age

CommentName (‰) (Gcps) (nA) (Gcps/nA) Yield (corr.) kyr BP

WR41 294 −13.86 2.608 1.213 2.15 96.6 0.017 0.016 79.51

WR41 293.3 −14.74 2.582 1.2 2.152 96.7 0.021 0.02 79.48 Tukey outlier

WR41 295 −15.92 2.6 1.196 2.174 97.7 0.03 0.029 79.54 Tukey outlier

WR41 296 −13.54 2.573 1.191 2.16 97.1 0.011 0.01 79.56

WR41 297 −13.16 2.573 1.189 2.163 97.2 0.012 0.011 79.59

WR41 298 −13.17 2.577 1.191 2.164 97.2 0.013 0.012 79.62

WR41 299 −13.06 2.558 1.188 2.153 96.8 0.012 0.012 79.65

WR41 300 −13.25 2.548 1.184 2.153 96.7 0.008 0.008 79.68

UWC3 G1-146 2.611 1.175 2.222 0.001

UWC3 G1-147 2.611 1.177 2.219 0.001

UWC3 G1-148 2.613 1.18 2.215 0.001

UWC3 G1-149 2.625 1.184 2.218 0.001

Std. 142-149 2.225 0.001
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E.2 wr-41-b high resolution proxy data

Table 21: Our SIMS analysis results for WR-41-b in sample-
chronological/depth order.

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 001 10 12.81 18.81 −11.73 0.38 −12.22

WR41 001.5 21 12.83 18.7 −11.84 0.3 −12.33

WR41 002 40 12.87 18.01 −12.51 0.38 −13.01

WR41 002.5 50 12.89 18.14 −12.39 0.3 −12.89

WR41 003 69 12.93 17.43 −13.07 0.38 −13.58

WR41 003.5 85 12.97 18.28 −12.25 0.3 −12.76

WR41 004 99 13.0 17.88 −12.64 0.38 −13.15

WR41 004.5 115 13.03 17.03 −13.47 0.3 −13.97

WR41 005 130 13.06 17.18 −13.32 0.38 −13.83

WR41 005.5 145 13.09 17.04 −13.45 0.3 −13.96

WR41 006 159 13.12 16.37 −14.1 0.38 −14.61

WR41 006.5 174 13.18 18.88 −11.66 0.3 −12.19

WR41 007 189 13.3 16.96 −13.53 0.38 −14.06

WR41 007.5 204 13.42 18.52 −12.01 0.28 −12.56

WR41 008 220 13.54 18.44 −12.1 0.38 −12.65

WR41 008.25 224 13.57 17.42 −13.09 0.28 −13.64

WR41 009 245 13.63 18.25 −12.28 0.21 −12.83

WR41 009.5 260 13.63 18.2 −12.32 0.28 −12.88

WR41 010 275 13.64 17.45 −13.06 0.21 −13.61

WR41 010.5 290 13.65 19.09 −11.46 0.28 −12.02

WR41 011 01 304 13.66 15.62 −14.83 0.21 −15.39

WR41 011 305 13.66 14.85 −15.58 0.21 −16.14

WR41 011.5 320 13.67 17.22 −13.28 0.28 −13.85

WR41 012 334 13.67 18.83 −11.72 0.21 −12.28

WR41 012.5 350 13.68 18.26 −12.27 0.28 −12.84
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 013 02 359 13.69 18.07 −12.46 0.21 −13.02

WR41 013 01 362 13.69 17.68 −12.84 0.21 −13.4

WR41 013 364 13.69 17.97 −12.55 0.21 −13.11

WR41 013 03 368 13.69 18.0 −12.52 0.21 −13.09

WR41 013 04 379 13.7 17.8 −12.72 0.21 −13.28

WR41 013.5 394 13.7 17.95 −12.57 0.28 −13.14

WR41 014 406 13.71 17.94 −12.58 0.21 −13.15

WR41 014.5 422 13.72 16.88 −13.61 0.28 −14.18

WR41 015 435 13.72 18.15 −12.38 0.21 −12.95

WR41 015.5 451 13.73 17.39 −13.11 0.28 −13.68

WR41 016 466 13.74 17.07 −13.42 0.39 −13.99

WR41 016.5 481 13.75 16.9 −13.59 0.28 −14.16

WR41 017 495 13.75 17.71 −12.81 0.39 −13.38

WR41 017.5 510 13.76 18.75 −11.79 0.28 −12.37

WR41 018 526 13.77 18.3 −12.23 0.39 −12.81

WR41 018.5 541 13.78 18.07 −12.46 0.31 −13.03

WR41 019 556 13.79 17.76 −12.75 0.39 −13.33

WR41 019.5 571 13.79 16.9 −13.59 0.31 −14.16

WR41 020 586 13.8 17.61 −12.9 0.39 −13.48

WR41 020.5 600 13.81 16.71 −13.77 0.31 −14.35

WR41 021 616 13.82 18.82 −11.73 0.39 −12.31

WR41 021.5 633 13.82 17.98 −12.54 0.31 −13.13

WR41 022 646 13.83 18.16 −12.37 0.39 −12.95

WR41 022.5 670 13.85 18.3 −12.23 0.31 −12.82

WR41 023 686 13.86 18.13 −12.4 0.39 −12.99

WR41 023.5 702 13.88 18.97 −11.58 0.31 −12.18
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 024 716 13.89 19.75 −10.83 0.39 −11.42

WR41 024.5 732 13.91 19.57 −11.0 0.31 −11.6

WR41 025 746 13.92 18.93 −11.62 0.39 −12.22

WR41 025.5 762 13.93 19.38 −11.19 0.31 −11.8

WR41 026 776 13.95 19.12 −11.43 0.39 −12.05

WR41 026.5 792 13.96 19.18 −11.38 0.31 −12.0

WR41 027 806 13.97 18.24 −12.29 0.39 −12.91

WR41 027.5 822 13.99 17.94 −12.58 0.31 −13.2

WR41 028 833 14.0 18.41 −12.12 0.28 −12.75

WR41 028.5 853 14.02 17.54 −12.97 0.31 −13.61

WR41 029 863 14.03 18.91 −11.64 0.28 −12.28

WR41 029.5 882 14.04 18.29 −12.24 0.31 −12.88

WR41 030 893 14.06 19.13 −11.43 0.28 −12.07

WR41 030.5 909 14.07 17.81 −12.7 0.31 −13.35

WR41 031 923 14.08 18.13 −12.4 0.28 −13.05

WR41 031.5 939 14.1 18.51 −12.03 0.31 −12.68

WR41 032 953 14.11 17.61 −12.9 0.28 −13.56

WR41 032.5 01 964 14.12 17.64 −12.87 0.2 −13.54

WR41 032.5 969 14.13 17.94 −12.58 0.2 −13.25

WR41 033 01 979 14.14 18.08 −12.45 0.28 −13.12

WR41 033.5 994 14.15 18.61 −11.94 0.2 −12.61

WR41 034 1009 14.16 18.96 −11.59 0.28 −12.27

WR41 034.5 1024 14.18 18.23 −12.3 0.2 −12.99

WR41 035 1039 14.19 17.93 −12.59 0.28 −13.29

WR41 035.5 1054 14.21 18.26 −12.27 0.2 −12.97

WR41 037.5 1119 14.27 18.29 −12.25 0.2 −12.95
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 038 1133 14.28 17.81 −12.71 0.33 −13.41

WR41 038.5 1149 14.29 19.52 −11.05 0.2 −11.76

WR41 039 1163 14.31 19.43 −11.14 0.33 −11.85

WR41 039.5 1179 14.32 18.8 −11.75 0.2 −12.46

WR41 040 1193 14.34 18.16 −12.37 0.33 −13.08

WR41 040.5 1208 14.35 18.29 −12.24 0.2 −12.95

WR41 041 1225 14.37 16.95 −13.54 0.33 −14.26

WR41 041.5 1239 14.38 18.48 −12.06 0.2 −12.78

WR41 042 1254 14.39 18.68 −11.86 0.33 −12.58

WR41 042.5 1267 14.4 18.89 −11.66 0.2 −12.38

WR41 043 1279 14.41 19.3 −11.26 0.33 −11.98

WR41 043.5 1295 14.42 18.5 −12.04 0.29 −12.76

WR41 044 1309 14.43 18.69 −11.85 0.33 −12.57

WR41 044.5 1325 14.45 18.74 −11.8 0.29 −12.53

WR41 045 1339 14.46 18.11 −12.42 0.33 −13.14

WR41 045.5 1355 14.47 17.81 −12.71 0.29 −13.43

WR41 046 1370 14.48 18.41 −12.12 0.33 −12.85

WR41 046.5 1386 14.5 18.83 −11.72 0.29 −12.45

WR41 047 1401 14.51 19.21 −11.35 0.33 −12.08

WR41 047.5 1417 14.52 19.18 −11.37 0.29 −12.11

WR41 048 1431 14.53 20.08 −10.5 0.33 −11.24

WR41 048.5 1446 14.54 19.8 −10.77 0.29 −11.51

WR41 049 1461 14.55 19.74 −10.83 0.33 −11.57

WR41 049.5 1477 14.57 19.04 −11.52 0.29 −12.26

WR41 050 1492 14.58 18.81 −11.67 0.33 −12.48

WR41 050.5 1507 14.59 18.8 −11.75 0.29 −12.49
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 051 1522 14.6 19.31 −11.73 0.33 −12.0

WR41 051.5 1537 14.62 18.94 −11.61 0.29 −12.36

WR41 052 1553 14.63 19.38 −11.26 0.33 −11.94

WR41 052.5 1567 14.64 19.39 −11.17 0.29 −11.93

WR41 053 1582 14.65 19.28 −11.18 0.33 −12.04

WR41 053.5 1597 14.66 19.1 −11.46 0.29 −12.22

WR41 054 1612 14.67 19.08 −11.28 0.33 −12.23

WR41 054.5 1627 14.69 19.12 −11.44 0.29 −12.2

WR41 055 1643 14.7 19.36 −11.47 0.33 −11.97

WR41 055.5 1658 14.71 19.21 −11.35 0.28 −12.12

WR41 056 1674 14.72 19.28 −11.2 0.33 −12.05

WR41 056.5 1687 14.73 19.17 −11.39 0.28 −12.16

WR41 057 1703 14.75 18.8 −11.28 0.33 −12.52

WR41 057.5 1719 14.76 18.48 −12.06 0.28 −12.83

WR41 058 1733 14.77 18.94 −11.74 0.33 −12.39

WR41 058.5 1749 14.78 18.07 −12.46 0.28 −13.23

WR41 059 1764 14.79 18.84 −11.61 0.33 −12.49

WR41 059.5 1778 14.89 18.42 −12.11 0.28 −12.9

WR41 060 1793 15.07 18.26 −11.71 0.33 −13.06

WR41 060.5 1809 15.25 18.36 −12.17 0.28 −12.98

WR41 061 1824 15.42 18.56 −12.27 0.33 −12.79

WR41 061.5 1839 15.54 17.89 −12.63 0.28 −13.44

WR41 062 1853 15.63 18.56 −11.98 0.33 −12.8

WR41 063 1864 15.69 18.1 −12.43 0.22 −13.25

WR41 064 1879 15.79 18.17 −12.36 0.22 −13.17

WR41 065 1894 15.88 18.16 −12.37 0.22 −13.18
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 066 1909 15.97 18.28 −12.25 0.22 −13.07

WR41 067 1924 16.06 18.4 −12.13 0.22 −12.96

WR41 068 1939 16.15 18.55 −11.99 0.22 −12.81

WR41 069 1954 16.24 18.28 −12.25 0.22 −13.08

WR41 070 1969 16.33 18.28 −12.25 0.22 −13.09

WR41 071 1984 16.42 18.22 −12.31 0.22 −13.14

WR41 072 1999 16.52 18.84 −11.71 0.22 −12.55

WR41 073 2014 16.61 18.27 −12.26 0.32 −13.09

WR41 074 2030 16.7 18.42 −12.12 0.32 −12.96

WR41 075 2045 16.79 18.69 −11.85 0.32 −12.7

WR41 076 2060 16.88 18.18 −12.35 0.32 −13.2

WR41 077 2075 16.97 18.28 −12.25 0.32 −13.11

WR41 078 2090 17.06 18.15 −12.38 0.32 −13.24

WR41 079 2105 17.15 18.44 −12.09 0.32 −12.95

WR41 080 2120 17.24 17.72 −12.8 0.32 −13.65

WR41 081 2135 17.33 18.34 −12.2 0.32 −13.05

WR41 083 2164 17.51 18.71 −11.84 0.32 −12.7

WR41 084 2178 17.6 18.04 −12.49 0.32 −13.35

WR41 085 2193 17.69 18.75 −11.8 0.26 −12.67

WR41 086 2208 17.78 18.81 −11.74 0.26 −12.61

WR41 087 2219 17.85 18.44 −12.09 0.26 −12.97

WR41 088 2237 17.96 18.64 −11.9 0.26 −12.79

WR41 089 2252 18.05 18.63 −11.91 0.26 −12.8

WR41 090 2267 18.14 18.52 −12.01 0.26 −12.9

WR41 091 2282 18.23 18.19 −12.34 0.26 −13.23

WR41 092 2297 18.32 18.1 −12.43 0.26 −13.32
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 093 2312 18.41 18.44 −12.1 0.26 −13.0

WR41 094 2327 18.5 17.46 −13.04 0.26 −13.95

WR41 095 2342 18.59 17.52 −12.99 0.28 −13.89

WR41 096 2357 18.68 16.99 −13.5 0.28 −14.41

WR41 097 2372 18.77 17.42 −13.09 0.28 −14.0

WR41 098 2387 18.95 17.57 −12.94 0.28 −13.87

WR41 099 2402 19.23 18.14 −12.39 0.28 −13.34

WR41 100 2417 19.5 17.9 −12.62 0.28 −13.59

WR41 101 2432 19.78 17.71 −12.81 0.28 −13.79

WR41 102 2447 20.05 17.89 −12.63 0.28 −13.61

WR41 103 2462 20.32 17.64 −12.87 0.28 −13.85

WR41 104 2493 20.88 17.49 −13.02 0.28 −14.0

WR41 105 2508 21.16 16.88 −13.61 0.19 −14.6

WR41 106 2523 21.43 17.02 −13.47 0.19 −14.45

WR41 107 2538 21.71 17.21 −13.29 0.19 −14.27

WR41 108 2553 21.98 17.91 −12.62 0.19 −13.6

WR41 109 2568 22.25 16.83 −13.66 0.19 −14.64

WR41 110 2583 22.53 16.35 −14.13 0.19 −15.1

WR41 111 2598 22.8 16.18 −14.29 0.19 −15.27

WR41 112 2613 23.08 17.47 −13.04 0.19 −13.97

WR41 113 2625 23.3 16.25 −14.22 0.3 −15.11

WR41 114 2640 23.57 17.14 −13.36 0.3 −14.23

WR41 115 2655 23.84 16.99 −13.5 0.3 −14.35

WR41 116 2670 24.12 17.0 −13.5 0.3 −14.36

WR41 117 2686 24.42 17.08 −13.41 0.3 −14.31

WR41 118 2701 24.69 17.61 −12.91 0.3 −13.79
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 119 2716 24.97 17.6 −12.91 0.3 −13.7

WR41 120 2731 25.24 17.84 −12.68 0.3 −13.43

WR41 121 2746 25.52 17.14 −13.35 0.3 −14.09

WR41 122 2761 25.79 16.89 −13.6 0.3 −14.32

WR41 123 2776 26.06 17.27 −13.24 0.3 −13.95

WR41 124 2791 26.34 17.92 −12.6 0.3 −13.33

WR41 125 2807 26.63 16.56 −13.92 0.43 −14.7

WR41 126 2822 26.9 17.31 −13.19 0.43 −14.0

WR41 127 2837 27.17 17.39 −13.12 0.43 −13.92

WR41 128 2852 27.45 17.13 −13.37 0.43 −14.14

WR41 129 2868 27.73 17.31 −13.19 0.43 −13.95

WR41 130 2883 28.01 17.16 −13.33 0.43 −14.09

WR41 131 01 2894 28.22 17.45 −13.06 0.3 −13.82

WR41 131 2899 28.3 15.85 −14.61 0.43 −15.38

WR41 132 2914 28.52 17.45 −13.05 0.43 −13.83

WR41 133 2929 28.61 17.35 −13.15 0.43 −13.92

WR41 134 2944 28.7 16.87 −13.62 0.43 −14.38

WR41 135 2959 28.79 17.57 −12.94 0.43 −13.69

WR41 136 2974 28.87 17.63 −12.88 0.43 −13.62

WR41 137 2989 28.96 17.29 −13.22 0.4 −13.95

WR41 138 3004 29.05 16.96 −13.53 0.4 −14.27

WR41 139 3020 29.14 17.21 −13.29 0.4 −14.03

WR41 140 3035 29.23 17.32 −13.18 0.4 −13.93

WR41 141 3050 29.31 16.89 −13.6 0.4 −14.35

WR41 142 3064 29.39 16.78 −13.71 0.4 −14.46

WR41 143 3079 29.48 16.51 −13.97 0.4 −14.71
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 144 3094 29.57 16.79 −13.69 0.4 −14.43

WR41 145 3109 29.66 16.97 −13.52 0.4 −14.24

WR41 146 3124 29.73 17.21 −13.29 0.4 −13.99

WR41 147 3139 29.75 16.97 −13.52 0.4 −14.22

WR41 148 3154 29.77 16.71 −13.77 0.4 −14.47

WR41 149 3169 29.8 16.9 −13.59 0.42 −14.28

WR41 149 01 3169 29.8 17.29 −13.21 0.42 −13.9

WR41 150 3184 29.82 17.11 −13.39 0.42 −14.07

WR41 151 3199 29.85 17.54 −12.96 0.42 −13.65

WR41 152 3214 30.17 16.79 −13.7 0.42 −14.38

WR41 153 3229 30.52 17.1 −13.39 0.42 −14.08

WR41 154 3244 30.87 16.67 −13.81 0.42 −14.5

WR41 155 3259 31.22 16.39 −14.08 0.42 −14.77

WR41 156 3274 31.57 16.47 −14.01 0.42 −14.7

WR41 157 3289 31.93 15.88 −14.58 0.42 −15.26

WR41 157 01 3289 31.93 16.36 −14.12 0.42 −14.8

WR41 158 3304 32.28 16.66 −13.82 0.42 −14.48

WR41 159 3320 32.64 16.68 −13.81 0.12 −14.48

WR41 160 01 3329 32.86 17.17 −13.32 0.3 −14.0

WR41 160 3335 32.98 17.53 −12.98 0.12 −13.64

WR41 161 3350 33.31 16.95 −13.54 0.12 −14.18

WR41 162 3364 33.64 16.55 −13.93 0.12 −14.61

WR41 163 3379 33.98 16.17 −14.3 0.12 −14.99

WR41 164 3394 34.31 16.35 −14.13 0.12 −14.82

WR41 165 3415 34.78 16.03 −14.43 0.12 −15.11

WR41 166 3430 35.11 16.89 −13.6 0.12 −14.26
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 167 3445 35.45 17.11 −13.39 0.12 −14.04

WR41 168 3460 35.78 16.44 −14.03 0.12 −14.65

WR41 169 3475 36.12 16.53 −13.95 0.12 −14.58

WR41 170 3490 36.45 16.4 −14.07 0.12 −14.69

WR41 171 3505 36.69 16.75 −13.73 0.16 −14.34

WR41 172 3520 36.73 14.88 −15.55 0.16 −16.16

WR41 173 3535 36.76 15.19 −15.25 0.16 −15.86

WR41 174 3550 36.81 15.61 −14.84 0.16 −15.45

WR41 175 3565 36.84 16.43 −14.05 0.16 −14.66

WR41 176 3580 36.88 17.25 −13.25 0.16 −13.86

WR41 177 3594 36.92 15.89 −14.57 0.16 −15.18

WR41 178 3609 36.96 17.15 −13.34 0.16 −13.97

WR41 179 3624 37.0 16.19 −14.28 0.16 −14.9

WR41 180 3639 37.04 16.77 −13.71 0.16 −14.34

WR41 181 3654 37.08 16.49 −13.99 0.16 −14.62

WR41 182 3669 37.12 16.0 −14.46 0.16 −15.1

WR41 183 3684 37.17 15.16 −15.28 0.16 −15.92

WR41 184 3699 37.22 17.27 −13.23 0.16 −13.88

WR41 185 3714 37.27 16.66 −13.82 0.16 −14.49

WR41 186 3729 37.32 17.06 −13.44 0.28 −14.1

WR41 187 3744 37.37 17.51 −13.0 0.28 −13.65

WR41 188 3759 37.4 17.1 −13.39 0.28 −14.04

WR41 189 3774 37.41 16.43 −14.05 0.28 −14.7

WR41 190 3789 37.43 16.5 −13.98 0.28 −14.63

WR41 191 3804 37.44 15.64 −14.81 0.28 −15.45

WR41 192 3819 37.46 18.0 −12.52 0.28 −13.17
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 192 01 3829 37.47 16.15 −14.32 0.28 −14.96

WR41 193 3844 37.48 17.54 −12.97 0.28 −13.62

WR41 194 3859 37.5 17.66 −12.85 0.28 −13.5

WR41 195 3874 37.51 17.17 −13.33 0.28 −13.97

WR41 196 3889 37.53 17.52 −12.99 0.28 −13.63

WR41 197 3904 37.55 17.89 −12.63 0.28 −13.27

WR41 198 3919 37.56 16.97 −13.52 0.33 −14.16

WR41 199 3933 37.58 17.0 −13.5 0.33 −14.13

WR41 200 3948 37.59 16.88 −13.61 0.33 −14.24

WR41 201 3963 37.61 17.3 −13.2 0.33 −13.83

WR41 202 3978 37.62 17.26 −13.24 0.33 −13.87

WR41 203 01 3987 37.63 17.49 −13.02 0.3 −13.65

WR41 203 3993 37.64 18.19 −12.34 0.33 −12.97

WR41 204 4008 37.65 16.64 −13.85 0.33 −14.47

WR41 205 4023 37.67 15.9 −14.56 0.33 −15.18

WR41 206 4038 37.79 15.7 −14.75 0.33 −15.36

WR41 207 4053 38.01 17.02 −13.47 0.33 −14.04

WR41 208 4068 38.22 16.02 −14.44 0.33 −14.96

WR41 209 4083 38.43 16.84 −13.65 0.33 −14.18

WR41 212 4129 39.08 16.67 −13.81 0.31 −14.4

WR41 213 4144 39.3 16.45 −14.03 0.31 −14.61

WR41 214 4159 39.51 16.01 −14.46 0.31 −15.06

WR41 214 01 4161 39.54 16.71 −13.77 0.31 −14.38

WR41 215 4174 39.79 16.14 −14.33 0.31 −14.99

WR41 216 4189 40.26 16.55 −13.93 0.31 −14.64

WR41 217 4204 40.73 15.93 −14.53 0.31 −15.28
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 219 4234 41.67 15.75 −14.71 0.31 −15.41

WR41 220 4249 42.14 16.22 −14.25 0.31 −14.95

WR41 223 4294 43.46 16.87 −13.62 0.21 −14.28

WR41 224 4309 43.84 16.43 −14.04 0.21 −14.68

WR41 225 4324 44.21 16.57 −13.91 0.21 −14.49

WR41 226 4340 44.6 16.53 −13.94 0.21 −14.47

WR41 228 4386 45.74 16.46 −14.02 0.21 −14.62

WR41 229 4401 46.11 16.24 −14.23 0.21 −14.82

WR41 230 4416 46.48 16.22 −14.24 0.21 −14.8

WR41 231 4431 46.86 16.78 −13.71 0.21 −14.24

WR41 232 4446 47.23 17.31 −13.19 0.21 −13.66

WR41 234 4477 48.0 15.98 −14.48 0.21 −15.01

WR41 235 4492 48.37 16.23 −14.24 0.21 −14.77

WR41 236 01 4507 48.76 16.05 −14.42 0.21 −15.01

WR41 237 4522 49.13 16.29 −14.18 0.11 −14.77

WR41 238 4537 49.51 16.63 −13.85 0.11 −14.41

WR41 239 4552 49.86 16.55 −13.93 0.11 −14.49

WR41 241 4582 50.35 15.6 −14.85 0.11 −15.43

WR41 242 4597 50.6 16.13 −14.33 0.11 −14.93

WR41 243 4612 50.85 16.61 −13.87 0.11 −14.48

WR41 247 4672 54.21 17.2 −13.3 0.11 −13.82

WR41 248 4687 55.32 16.18 −14.29 0.11 −14.89

WR41 250 4694 55.89 17.05 −13.45 0.25 −14.11

WR41 249 4709 57.0 17.06 −13.44 0.25 −14.06

WR41 253 4754 60.31 16.75 −13.74 0.25 −14.34

WR41 254 4769 61.42 16.33 −14.15 0.25 −14.88
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 255 4784 62.52 15.73 −14.72 0.25 −15.52

WR41 256 4799 63.63 16.46 −14.02 0.25 −14.7

WR41 257 4814 64.73 16.53 −13.95 0.25 −14.68

WR41 258 4829 65.84 16.79 −13.69 0.25 −14.35

WR41 259 4844 66.65 17.17 −13.32 0.25 −14.02

WR41 260 4859 67.45 18.42 −12.12 0.25 −12.77

WR41 262 4889 69.05 17.74 −12.77 0.26 −13.42

WR41 263 4904 69.84 17.03 −13.46 0.26 −14.15

WR41 264 4919 70.64 16.65 −13.83 0.26 −14.5

WR41 265 4934 71.44 16.17 −14.3 0.26 −14.88

WR41 266 4949 72.24 16.62 −13.86 0.26 −14.35

WR41 267 4964 73.04 15.98 −14.48 0.26 −14.93

WR41 268 01 4981 73.93 17.0 −13.49 0.26 −13.95

WR41 269 01 4993 74.57 16.0 −14.46 0.26 −14.77

WR41 271 5023 76.17 16.15 −14.32 0.26 −14.51

WR41 272 5038 76.97 16.12 −14.35 0.26 −14.54

WR41 273 5053 77.74 15.91 −14.55 0.26 −14.75

WR41 274 01 5069 78.18 15.43 −15.02 0.26 −15.22

WR41 276 5099 78.61 15.93 −14.53 0.26 −14.73

WR41 277 5114 78.82 16.3 −14.17 0.26 −14.37

WR41 278 5129 79.04 16.25 −14.22 0.26 −14.41

WR41 279 5144 79.07 16.83 −13.66 0.26 −13.86

WR41 279 01 5144 79.07 16.72 −13.76 0.26 −13.95

WR41 280 5158 79.1 16.45 −14.03 0.26 −14.22

WR41 281 5173 79.13 17.22 −13.28 0.26 −13.48

WR41 282 5188 79.15 16.91 −13.58 0.26 −13.77
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E.2 wr-41-b high resolution proxy data

Table 21: WR-41-b chronological SIMS data continued...

Analysis Depth Age δ18O VSMOW δ18O VPDB Precision δ18O VPDB

Name (µm) (ka) (‰) (‰) (2 s.d.) (‰) corr.

WR41 283 5203 79.18 17.04 −13.46 0.26 −13.65

WR41 283.5 5212 79.2 15.72 −14.73 0.3 −14.93

WR41 284 5218 79.21 17.3 −13.2 0.26 −13.4

WR41 284.5 5227 79.23 16.16 −14.31 0.3 −14.5

WR41 285 5233 79.24 15.67 −14.78 0.26 −14.97

WR41 285.5 5241 79.26 14.69 −15.73 0.3 −15.93

WR41 286 01 5250 79.27 14.3 −16.11 0.26 −16.3

WR41 287 5269 79.31 16.66 −13.83 0.28 −14.02

WR41 288 5284 79.34 16.63 −13.85 0.28 −14.05

WR41 289 5298 79.36 16.46 −14.01 0.28 −14.21

WR41 290 5314 79.39 15.89 −14.57 0.28 −14.76

WR41 294 5374 79.51 16.62 −13.86 0.26 −14.05

WR41 296 5405 79.56 16.95 −13.54 0.26 −13.73

WR41 297 5420 79.59 17.34 −13.16 0.26 −13.36

WR41 298 5435 79.62 17.33 −13.17 0.26 −13.37

WR41 299 5450 79.65 17.44 −13.06 0.26 −13.26

WR41 300 5465 79.68 17.25 −13.25 0.26 −13.44
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S U P P L E M E N TA R Y F I G U R E S : C H A P T E R

3

This appendix contains a series of figures and images pertaining to

stalagmite section WR-41-b and the data discussed and presented in

Chapter 5. In the first section (Section F.1), three plots of Secondary

Ion Mass Spectrometry (SIMS) parameters and δ18O data are pre-

sented. Section F.2 contains images of the original analytical face

(Section F.2.1), the three faces used for uranium-thorium dating (Sec-

tion F.2.2), face 3 of WR-41-b mounted in a standard epoxy round

(Section F.2.3), maps of labeled and color-mapped SIMS analysis pits

(Section F.2.4), and examples of acceptable, borderline, and unaccept-

able SIMS pit shapes (Section F.2.5).

For more information on how the data and images presented in this

appendix were obtained, see Section 5.2. Corresponding data tables

are available in Appendix E. More detailed interpretations of results

can be found in Section 5.4.
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F.1 supplementary plots

f.1 supplementary plots

This section contains plots of SIMS and other data supplementary to

the material presented in Chapter 5. These plots show that our δ18O

signal almost certainly reflects the real isotopic signal recorded in WR-

41-b, rather than being a function of primary beam intensity yield or

other analytical parameters. Outliers and outlier types are clearly dif-

ferentiated on each of the plots and display characteristics that further

support our assertions on the fidelity of our accepted δ18O data.

f.1.1 SIMS Plots
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F.1 supplementary plots

Figure 66: The oxygen isotope values (‰ on the VPDB scale) plotted against the beam current
(nA). As a matter of standard operating procedure, the beam current was maintained
between 1.1 and 1.3 nA. The error bars on each point are the δ18O 2 sigma error. The
darkest set of points are accepted analyses, while the lighter shades represent outliers
that have been discarded for one or more reasons. The lack of relationship between
current and oxygen isotope values indicates that our δ18O signal is not controlled by
the primary beam.

f.1.2 Confocal Band Counting

In an effort to apply band counting methods to our uranium-thorium

chronology, we drew four intensity profiles through areas of clear

banding in contrast-enhanced confocal images. As banding is in its

simplest form light-dark couplets, we counted bands by searching for

local intensity maxima. These are the results:
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F.1 supplementary plots

Figure 67: The oxygen isotope values (‰ on the VPDB scale) plotted against the yield relative to
the UWC-3 yield. Sets of 8 to 15 samples were bracketed by 8 standard runs; the relative
yields were calculated based on bracket results. The error bars on each point are the
δ18O 2 sigma error. The darkest set of points are accepted analyses, while the lighter
shades represent outliers that have been discarded for one or more reasons. Both the
Tukey range and the 3 sigma range for relative yield are delineated here; analyses with
relative yields beyond the Tukey range were discarded. The lack of relationship between
relative yield and oxygen isotope values indicates that our δ18O signal is independent
of relative yield.
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F.1 supplementary plots

Figure 68: The yield relative to the UWC-3 yield plotted against the corrected OH/O ratio. The
error bars on each point are the δ18O 2 sigma error. The color mapping represents δ18O
VPDB values, with lighter shades indicating more negative δ18O values. The shape of
each point denotes the pit shape classification assigned during SEM analysis. Analyses
with irregular pits were discarded from our dataset. Both the Tukey range and the 3

sigma range for relative yield and OH/O are delineated here; analyses with values
beyond the Tukey range were discarded. The lower bounds of the OH/O ranges are
not shown because no analysis approaches them.
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F.1 supplementary plots

0 – 968 µm In this section, we counted 419 bands. This does not

match the uranium-thorium dated and modeled age for this sec-

tion, which spans 1350 years, or 644 at minimum. The banding

for this section is displayed graphically as Figures 49, 69, 70, 71, The data table for all

four intensity

profiles was 150

pages long and thus

cut from this work.

72, 73, and 74.

3500 – 3754 µm This section had a significant disparity between

age, which was ∼720 years, and band count, which was only

84. The banding for this section is displayed as Figures 75 and

76.

5260 – 6770 µm Five hundred sixty bands were counted in this sec-

tion, which is technically part of WR-41 rather than WR-41-b.

Our age model suggests this section represents 2300 years, or at

minimum 570 years. The banding for this section is displayed as

Figures 77, 78, 79, 80, 81, 82, 83, 84, 85, and 86.
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F.1 supplementary plots

Figure 69: The 150 – 300 µm portion of the 0 – 968 µm intensity profile gathered from
the enhanced image in Figure 42, represented as a stack of colors and a curve.
Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 70: The 300 – 450 µm portion of the 0 – 968 µm intensity profile gathered from
the enhanced image in Figure 42, represented as a stack of colors and a curve.
Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 71: The 450 – 600 µm portion of the 0 – 968 µm intensity profile gathered from
the enhanced image in Figure 42, represented as a stack of colors and a curve.
Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 72: The 600 – 750 µm portion of the 0 – 968 µm intensity profile gathered from
the enhanced image in Figure 42, represented as a stack of colors and a curve.
Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 73: The 750 – 900 µm portion of the 0 – 968 µm intensity profile gathered from
the enhanced image in Figure 42, represented as a stack of colors and a curve.
Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 74: The 900 – 968 µm portion of the 0 – 968 µm intensity profile gathered from
the enhanced image in Figure 42, represented as a stack of colors and a curve.
Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 75: The 3500 – 3630 µm portion of the 3500 – 3754 µm intensity profile gathered
from the enhanced image in Figure 43, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 76: The 3630 – 3754 µm portion of the 3500 – 3754 µm intensity profile gathered
from the enhanced image in Figure 43, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 77: The 5620 – 5410 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 44, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 78: The 5410 – 5560 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 44, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 79: The 5560 – 5710 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 44, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 80: The 5710 – 5912 µm portion of the 5260 – 6770 µm intensity profile
gathered from the enhanced image in Figure 44, represented as a
stack of colors and a curve. Intensity maxima are indicated by
points.

379



F.1 supplementary plots

Figure 81: The 5912 – 6062 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 45, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 82: The 6062 – 6212 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 45, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 83: The 6212 – 6362 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 45, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 84: The 6362 – 6512 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 45, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.1 supplementary plots

Figure 85: The 6512 – 6662 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 45, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.

384



F.1 supplementary plots

Figure 86: The 6662 – 6770 µm portion of the 5260 – 6770 µm intensity profile gathered
from the enhanced image in Figure 45, represented as a stack of colors and a
curve. Intensity maxima are indicated by points.
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F.2 wr-41-b high resolution images

f.2 wr-41-b high resolution images

This section contains the confocal and light microscope images of the

analytical face and the dating face, before and after probing.

f.2.1 WR-41-b Original Analytical Face

The original analytical face is the cut portion of WR-41-b that contains

the δ18O, δ13C, Mg/Ca, Sr/Ca analysis pits. These pits were emplaced

prior to slicing. For spatial context, see Figure 35, an exploded dia-

gram of the various pieces of WR-41. Due to the brittleness of this

part of WR-41-b, damage to the upper left corner occurred during

both drilling and slicing. The original analytical face was therefore

ultimately not chosen as SIMS analytical face because of this dam-

age around the conventional pits, which would have forced a large

sideways jog during SIMS analysis. This would have been additionally

complicated by the difference in thickness between the right and left

sides.

f.2.2 WR-41-b Dating Pits

WR-41-b is a compact section, and due to this spatial limitation and

evolving sampling needs, uranium-thorium dating samples were ex-

tracted from three different parts of WR-41-b. Dating phase 1 sam-

ples, collected from face 1, were manually drilled prior to the slicing
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F.2 wr-41-b high resolution images

Figure 87: Brightfield 5X microscopy composite of the analytical face of WR-41-b.
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F.2 wr-41-b high resolution images

Figure 88: Polarized 5X microscopy composite of the analytical face of WR-41-b.
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F.2 wr-41-b high resolution images

operation depicted in Figure 35. Phase 2 and phase 3 samples were

micromilled post-slicing. Greater detail on the uranium-thorium sam-

pling and dating procedures are available in Section 5.2.2. Brightfield

and polarized views of each face at 5X magnification are presented

here.
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Figure 89: Brightfield 5X view of the first round of uranium-thorium dating. Results available in Table 3.
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Figure 90: Polarized 5X view of the first round of uranium-thorium dating. Results available in Table 3.
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Figure 91: Brightfield 10X view of the second round of uranium-thorium dating. Results available in Table 3.
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Figure 92: Polarized 5X view of the second round of uranium-thorium dating. Results available in Table 3.
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Figure 93: Brightfield 10X view of the third round of uranium-thorium dating. Results available in Table 3.
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Figure 94: Polarized 5X view of the third round of uranium-thorium dating. Results available in Table 3.
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F.2 wr-41-b high resolution images

f.2.3 WR-41-b Mount
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Figure 95: A composite polarized 5X microscopy image of face 3 mounted in a one-inch epoxy round. Results for the eleven
dates shown here are available in Table 3.
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Figure 96: A composite brightfield 5X microscopy image of face 3 of WR-41-b mounted in a one-inch epoxy round. The
individual images were enhanced with an adaptive histogram equalization to bring out the topography of face 3

due to stratigraphy and surface irregularities that were captured during brightfield imaging (Figure 46). Results
for the eleven dates shown here are available in Table 3.
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F.2 wr-41-b high resolution images

Figure 97: Reflected light microscopy with 2.5X zoom composite image of mounted WR-41-b and
standard UWC-3 calcite grains before SIMS analysis.
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F.2 wr-41-b high resolution images

f.2.4 SIMS Analysis Pit Maps
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F.2 wr-41-b high resolution images
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F.2 wr-41-b high resolution images

Figure 98 (previous page): Brightfield 5X microscopy composite image of
mounted WR-41-b and standard UWC-3 calcite
grains following SIMS analysis. The new vertical
feature on WR-41-b is the series of 390 SIMs pits
collected over a three-day period in January 2016.
The following thirteen figures are smaller-scale la-
beled pit maps, the extents and locations of which
are noted here. Although most previous images of
mounted WR-41-b in this work are oriented so the
original analytical surface is at right angles on the
page, this image has been rotated slightly to orient
the analytical traverse vertically and the stratigra-
phy horizontally.
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F.2 wr-41-b high resolution images

Figure 99: Brightfield 5X microscopy image of standard UWC-3 calcite grain G1. This grain was
the primary standard grain used for standard analyses due to its central location. A
single pit, noted with an “X”, was discarded due to its accidental placement over a
crack in the grain, which drastically altered its δ18O value, yield, and other values.
UWC-3 has a δ18O value of -12.49 ‰ VSMOW (Kozdon et al., 2009).
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F.2 wr-41-b high resolution images

Figure 100: Brightfield 5X microscopy image of standard UWC-3 calcite grain G2. A single stan-
dard analysis was performed on this grain while tuning the machine. UWC-3 has a
δ18O value of -12.49 ‰ VSMOW (Kozdon et al., 2009).
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F.2 wr-41-b high resolution images

Figure 101: Brightfield 5X microscopy image of standard UWC-3 calcite grain G3. A single stan-
dard analysis was performed on this grain while tuning the machine. UWC-3 has a
δ18O value of -12.49 ‰ VSMOW (Kozdon et al., 2009).
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F.2 wr-41-b high resolution images

Figure 102: Brightfield 5X microscopy image of analyses 001 – 013 02. Analyses 008.5 and 008.5
01 were discarded due to high 16OH/16O values; 008.01 additionally had an anoma-
lously high relative yield. The approximate δ18O value of each point is indicated as a
color/gray value corresponding to a range of δ18O VPDB. Although most points were
placed closer to the original analytical surface than 001 – 013, the upper layers were
most pristine in this area. The transition to the main analytical traverse column is con-
firmed by four replicating points (013 01 – 013 04) placed along the same stratigraphic
horizon.
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F.2 wr-41-b high resolution images

Figure 103: Brightfield 5X microscopy image of analyses 013 02 – 029. The approximate δ18O value
of each point is indicated as a color/gray value corresponding to a range of δ18O VPDB.

407



F.2 wr-41-b high resolution images

Figure 104: Brightfield 5X microscopy image of analyses 026.5 – 033 and 037 – 051. Analyses 033

and 037 were discarded due to anomalously low and anomalously high relative yields,
respectively. The gap in sampling numbers is due to the shift in the analytical traverse
necessary to bridge the crack formed during mounting of WR-41-b. The approximate
δ18O value of each point is indicated as a color/gray value corresponding to a range
of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 105: Brightfield 5X microscopy image of analyses 032.5 01 – 036.5. Analyses 036 – 036.5
were discarded due to anomalously low relative yields. The approximate δ18O value
of each point is indicated as a color/gray value corresponding to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 106: Brightfield 5X microscopy image of analyses 049 – 085. Analysis 082 was discarded
due to an anomalously low relative yield. The approximate δ18O value of each point
is indicated as a color/gray value corresponding to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 107: Brightfield 5X microscopy image of analyses 078 – 126. Analysis 082 was discarded
due to an anomalously low relative yield. The approximate δ18O value of each point
is indicated as a color/gray value corresponding to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 108: Brightfield 5X microscopy image of analyses 120 – 168. The approximate δ18O value
of each point is indicated as a color/gray value corresponding to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 109: Brightfield 5X microscopy image of analyses 164 – 212. Analyses 210 and 211 were
discarded due to anomalously low relative yields and highly irregular pit shape as
revealed during SEM imaging. The approximate δ18O value of each point is indicated
as a color/gray value corresponding to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 110: Brightfield 5X microscopy image of analyses 208 – 256. Analyses 210, 211, 218, 218 01,
221, 222, 227, 236, 244, 245, 246, 251, 252, were discarded due to anomalous relative
yields. All of these analyses had slightly to highly irregular pit shapes as revealed
during SEM imaging; analysis 240 was also discarded due to a highly irregular shape,
though other parameters were within typical ranges. The approximate δ18O value of
each point is indicated as a color/gray value corresponding to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

Figure 111: Brightfield 5X microscopy image of analyses 252 – 300. Although 286 is the last analy-
sis within the growth period of interest, the traverse was extended into the youngest
growth phase discussed in (Cross et al., 2015) to facilitate comparisons. Analyses 252,
261, 268, 269, 274, and 275 were discarded due to anomalous relative yields. SEM imag-
ing revealed that the pits associated with these analyses were slightly to highly irregu-
lar, except for analysis 261. Another set of analyses, 270, 286, 291, 292, 292 01, 293, 293

01, and 295, were discarded due to anomalously high 16OH/O. All of these analyses
had slightly to highly irregular pit shapes as revealed during SEM imaging. The ap-
proximate δ18O value of each point is indicated as a color/gray value corresponding
to a range of δ18O VPDB.
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F.2 wr-41-b high resolution images

f.2.5 SEM Images of SIMS Pits
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Figure 112: Examples of regularly-shaped SIMS pits. These images correspond to analyses 109 and 300.
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with irregularities. Analyses with pits deemed slightly irregular were not discarded on basis of pit shape.
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these features were discarded.
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S U P P L E M E N TA R Y DATA :

U R A N I U M -T H O R I U M

This appendix contains supplementary information on the uranium-

thorium dating presented in and leading up to the work in Chapters

4 and 5. Section G.1 includes a thorough characterization of the an-

alytical blanks measured throughout these studies. Chemical yield

and spike isotopic composition data are presented in Section G.2, and

finally Section G.3 discusses uranium geochemistry, speleothem tex-

ture, and depositional conditions.

g.1 uranium-thorium blank data

When dealing with small samples, analytical blanks become critical.

After a period of somewhat higher blanks, we thoroughly cleaned

all teflonware and strictly monitored contamination levels, cleaning

teflonware as required. Blank corrections are well within analytical

dating errors.

Below we present a total of seven tables of blank data. These con-

tain:
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1. breakdowns of the the mass spectrometer signals for critical iso-

topes 230Th and 234U into three possible sources: machine back-

ground, spike contribution, and actual blank contamination (Ta-

bles 22 and 23)

2. the actual levels of contamination of several thorium and ura-

nium isotopes in mass units and moles (Tables 24 and 25)

3. the sample to blank ratios for 230Th and 234U (Tables 26 and 27)

4. uranium blank isotope ratios critical for understanding blank

results (Table 28).

Five of these tables present data in three time categories:

preliminary This label refers to the mainly exploratory dating that

occurred between 2011 and 2013, and is the “period of some-

what higher blanks” referred to above and in Chapter 4. Only a

handful of the dates presented in Chapters 4 and 5 are from this

time.

high-resolution This indicates the time following “Preliminary”,

between 2014 and 2015, when efforts became focused solely on

precision dating of WR-41 and IR-3. A special super-dilute spike

was prepared for this period (Section G.2) and used exclusively.

lifetime Finally, “Lifetime” is the summary category, compiling

data from both “Preliminary” and “High-Resolution” eras of

this work.
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Sample sizes have varied significantly over the course of this work,

and so the data of the remaining two tables (Tables 26 and 27) are

presented in terms of chapter, and in the case of Chapter 5, further

categorized by dating phase. The blank values to which these samples

are compared are drawn from the “High-Resolution” period.
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Table 22: A breakdown of the sources — machine background, spike con-
tribution, actual blank contamination — of the 230Th blank signal.
The uncertainties quoted are ±1σ.

Machine Spike Blank

Preliminary 9± 10 55± 11 35± 6
High Resolution 25± 21 11± 6 64± 27

Lifetime 18± 18 32± 24 50± 24

Table 23: A breakdown of the sources — machine background, spike contri-
bution, actual blank contamination — of the 234U blank signal. The
uncertainties quoted are ±1σ.

Machine Spike Blank

Preliminary 0± 0 99± 1 1± 1
High Resolution 4± 1 81± 26 16± 11

Lifetime 2± 2 89± 12 9± 11
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Table 24: The mass of the average contamination added to each dating sam-
ple. These amounts correspond to the blank contribution in Ta-
ble 22. The uncertainties quoted are ±1σ.

230Th (ag) 232Th (pg)

Preliminary 27± 8 1.0± 0.8
High Resolution 18± 13 0.3± 0.2

Lifetime 22± 12 0.6± 0.7

Table 25: The mass of the average contamination added to each dating sam-
ple. These amounts correspond to the blank contribution in Ta-
ble 22. The uncertainties quoted are ±1σ.

234U (ag) 235U (fg) 238U (pg)

Preliminary 135± 54 5.1± 2.2 0.6± 0.2
High Resolution 91± 55 9.3± 6.7 1.0± 0.8

Lifetime 112± 59 7.3± 5.5 0.8± 0.6
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Table 26: The sample to blank ratios for thorium isotopes. This data indicate
that contamination only has a relatively small contribution to the
total isotopic signals. The uncertainties quoted are ±1σ.

230Th 232Th

Chapter 4 3160± 2220 20± 10

Chapter 5

Phase 1 1130± 790 50± 40

Phase 2 330± 230 10± 5

Phase 3 180± 130 3± 2

Table 27: The sample to blank ratios for 230Th and 234U. This data indicate
that contamination only has a relatively small contribution to the
total isotopic signals. The uncertainties quoted are ±1σ.

234U 235U 238U

Chapter 4 2490± 830 2800± 1180 4260± 2650

Chapter 5

Phase 1 2910± 970 2990± 1260 4550± 2840

Phase 2 840± 280 870± 370 1320± 820

Phase 3 300± 100 300± 130 460± 2800
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Table 28: The ratios of uranium isotopes in our blanks. The natural ratio of 238U/235U is 137.88 and the natural ratio of
234U/238U is 53 ppm. The uncertainties quoted are ±1σ.

238U/235U 234U/238U (ppm) δ234U (‰) 230Th/232Th (ppm)

Preliminary 136± 50 217± 72 3016± 1338 36 ± 21

High Resolution 101± 27 116± 51 1152± 951 75 ± 57

Lifetime 117± 44 164± 80 2029± 1479 57 ± 48

Expected 55 – 100 138 0 – 1000
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g.2 yield and spike data

Chemical yields are a metric for the quality of wet-lab sample prepara-

tion techniques. High yields indicate minimal sample loss and a high

level of skill, which is critical when preparing samples of such small

sizes as used in this work. Yields were calculated by comparing the

expected and actual signals of 229Th and 233U.

Table 29: The average chemical yields of uranium and thorium in samples
and analytical (spiked) blanks. Values greater than 100% yield may
indicate an underestimated ionization efficiency or overestimated
solution weight. The uncertainties quoted are ±1σ.

% U Yield % Th Yield

Sample 99± 23 99± 25

Blank 104± 27 94± 27
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Although a precise knowledge of the 233U/236U/229Th spike con-

centration is not critical for age calculation, it is necessary for calcu-

lating uranium concentrations and the uranium contents of samples.

A special low-concentration spike for analyzing small samples was

prepared in January 2014 by diluting a typical speleothem spike 50

times with 1.5 N HNO3. This super dilute spike was used for the

more precise dating in Chapter 4 and all dating in Chapter 5. The ini-

tial concentration of the spike was calibrated against a diluted aliquot

of HU-1, as described in Subsections 4.2.2 and 5.2.2.

Each time an aliquot of spike was poured, the initial weight, final

weight, and amount of spike poured were recorded. This informa-

tion was used to calculate the evaporative enrichment of the spike

and determine a more accurate spike concentration for each round of

chemistry. An approximately 0.5% enrichment of the spike occurred

over the 22 month period the spike was used, as shown in Figure 115.

g.3 uranium chemistry and speleothem char-

acter

A consistent pattern of texture and uranium geochemistry was noted

in Lehman Caves speleothems, suggesting a relationship exists be-

tween water geochemistry and speleothem texture. To investigate this

correspondence further, ten speleothems out of the original twenty

or so speleothems analyzed during the reconnaissance phase of this

work were chosen that evinced one or all of the following criteria: mul-
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Figure 115: The calculated 233U/236U/229Th spike enrichment from the cre-
ation of the spike until the end of the study period. From this
approximately 0.5% enrichment, we can estimate that the spike
233U and 236U concentration increased from 0.015887 to 0.015967

pmol/g and the 229Th concentration increased from 0.004588 to
0.004611 pmol/g. A 2

nd-order polynomial closely describes this
curve.
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Figure 116: Examples of speleothem textures: A. Chalky, B. “Crystalline”, and C. Fibrous.).

tiple reasonable dates (i. e., the calculated dates are within the useful

range of uranium-thorium dating, approximately 700,000 years), mul-

tiple textures present, representative of a different room in Lehman

Caves. Uranium data was compiled from ten qualifying speleothems,

including IR-3 and WR-41 (Cross et al., 2015). Data from an eleventh

speleothem, LC-2 (Shakun et al., 2011), was included due to the signif-

icance of this speleothem to the literature. Via visual inspection of the

surrounding area, a basic texture was assigned to each date: chalky,

“crystalline”, or fibrous. Examples of these textures are shown in Fig-

ure 116, and are clearly visually distinct. The 238U and δ234Uinitial of

each date were plotted with texture indicated by color and stalagmite

by shape. For each texture and uranium parameter, a kernel density

estimate was calculated in Python using the gaussian_kde() function

from the SciPy stats submodule.

As shown in Figure 117, each texture has a distinct geochemical

character, with one preferred uranium concentration and two pre-

ferred δ234Uinitial modes. We expect that depositional conditions such
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Figure 117: Uranium geochemistry of dating samples, colored by texture. Shapes refer to individ-
ual stalagmites; careful inspection of the main plot will reveal that several speleothems
have more than one texture and that dates from one will typically be geochemically
distinct from the other.
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as flow rate and upstream water rock interactions are responsible for

the variations in both chemistry and texture. An investigation into

these relationships at Lehman Caves would prove a fruitful next step

in improving our understanding of Lehman Caves and potentially

other mid-latitude cave environments and geochemical histories.
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M O D E L I N G A N D FA C I L I TAT I N G

PA L E O C L I M AT E DATA A N A LY S I S

summary

The Python package SpeleoPy fulfills a key need for the paleocli-

matologist, providing the tools necessary to efficiently create robust

Monte Carlo age models. SpeleoPy also includes a toolkit and data for

quickly and accurately performing ice volume δ18O corrections. Here,

I briefly discusses the package, workflow, features, performance, and

possible future directions. These points and the package architecture

are discussed in the context of real examples using data from Chap-

ter 5.

h.1 introduction

In Appendix C, a case was made for using Python to programmati-

cally create the complicated plots that feature these data, specifically
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using the core plotting library matplotlib (Hunter, 2007) with the

high-level matplotlib Application Program Interface (API) TrendVis

(Cross, 2015b). The purpose of SpeleoPy is to bring analysis into the

same environment, enhancing transparency and reproducibility. To

that aim, SpeleoPy employs core Python packages such as pandas SpeleoPy is

available publicly

under the 3-clause

BSD license on

GitHub

(McKinney) and NumPy (Van Der Walt et al., 2011) and highly opti-

mized code to facilitate and expedite age modeling and paleoclimate

data analysis, specifically ice volume correction.

h.2 age modeling

The end result of uranium-thorium and other absolute dating pro-

cesses is a series of age control points, which are a set of discrete

depths where the speleothem age is known within some (typically

Gaussian) probability distribution. To develop a climate record these

discrete points must be translated to a continuous, monotonic set of This requirement is

the fundamental

geochronological

Principle of

Superposition

ages, called an age model.

When each age control point is perfectly in stratigraphic order, a

valid option is to simply linearly interpolate between the means of the

age control points to create the age model. However, oftentimes age

control points are only in stratigraphic order within error, meaning

their means are out of order but they have overlapping error distribu-

tions, referred to henceforth as a tractable reversal; or a complete age

reversal may occur. A linear interpolation between means is invalid in

these instances as it violates the monotonicity requirement. In these
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non-ideal cases, a more complex age modeling computation must be

made.

The age modeling procedure has been the focus of much effort and

debate within the geochronology community. A number of highly

regarded programs are available, namely StalAge (Scholz and Hoff-

mann, 2011) and OxCal (Ramsey, 1995; Ramsey and Lee, 2013), which

respectively use splines and Bayesian analysis to perform age model-

ing. Advantageously, these programs limit biases by requiring min-

imal to no user input, although particularly for new users the pro-

grams can be difficult to run and navigate. The AgeModel class of

SpeleoPy is the first iteration of a Python based age model with a SpeleoPy is

available on GitHub!highly user-friendly API. As a Python package, it has a low barrier to

entry and the support of an active open-source community, as well

as the potential to incorporate a number of Markov Chain Monte

Carlo (MCMC) Bayesian modeling and analysis packages for advanced

modeling procedures in the future. In the rest of this section, we will

discuss AgeModel and its use in the context of creating an age model

for a hypothetical hiatus-free version of WR-41-b. We have assumed

zero context for the bottom of this WR-41-b record, though in creating

the actual age model for Chapter 5 we incorporated the two youngest

dates from WR-41 from Chapter 4.

h.2.1 Initializing AgeModel and Preparing for Modeling

Initializing AgeModel is a simple call:
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1 import speleopy

2

3 model = speleopy.AgeModel(depths, ages, errors, 5300, is_depth=True,

4 is_2sigma=True)

The four required arguments are the z positions, ages, and age Numbered lines of

code correspond to

the AgeModel

workflow;

un-numbered lines

indicate internal

processes in

AgeModel.

errors in 1 or 2 sigma of the age control points, and the total

length of the record in z units. The z positions may either indicate

heights above base or depths below surface. Depths are used inter-

nally, but AgeModel will output depths, heights, or both. In this ex-

ample, I have provided depth (is_depth=True) in microns, age in

kyr, 2 sigma errors (is_2sigma=True) in kyr, and a total length of

6500 microns. To review the age control data before progressing,

model.print_agecontrol_dates() will display a number list of each

point and its depth, height, age, and 2 sigma error.

After successfully initializing an AgeModel, the next step is to check

the monotonicity:

5 model.check_monotonicity()

This function compares the mean and error distribution of each All four AgeModel

figures in this

chapter were created

using TrendVis

XGrid plots and

creative use of the

in-built axis/tick

visibility toggle.

age control point with those of the point below it. Pairs of dates

that occur in either a tractable or complete reversal are then recorded.

This reversal information can be viewed either in text format by call-

ing model.print_monotonicity_results() or graphically by calling

model.view_monotonicity() and providing an matplotlib Axes ob-

ject and optional formatting keywords. Our results are plotted in the

upper panel of Figure 118, indicating three pairs of complete reversals

(red) and two pairs of tractable reversals.

436



H speleopy

As potential age model solutions are randomly generated in the

Monte Carlo method used in AgeModel, it is extremely difficult to

get monotonic solutions when complete stratigraphic reversals are

present among the age control points.Currently, AgeModel does not

have means for automatically resolving complete age reversals or gen-

erally enhancing tractability, as may be found in other age modeling

packages. For now, the user’s recourse is to either expand the error

bars of selected dates by some multiple (model.adjust_by()), or sim-

ply delete age control points:

6 model.delete_dates([8, 15, 21])

Each of the complete reversals involve an age control point from

Phase 1 of dating and a point from a subsequent phase. As Phase See Section 5.2.2,

Figures 35, 37, and

48; and Table 3 for

more information

about the three

phases of dating this

sample and the first

phase in particular

1 samples physically average more time than those in later rounds,

having been extracted from wider, less precise hand-drilled pits, I

chose to delete the Phase 1 age control point present involved in each

complete reversal.

The monotonicity check is automatically run again after any point

deletion or adjustment. Plotting our new monotonicity results in the

lower panel of Figure 118, we can see that all complete age reversals

have been resolved.

h.2.2 Monte Carlo Age Modeling

The Monte Carlo method is a family of techniques that use random

sampling from probability density distributions to simulate a system
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Figure 118: Complete age reversals are present in the original data (upper
panel). This was addressed by deleting an age control point in
each complete reversal. The consequent monotonicity check re-
sults are shown in the lower panel, and now that all complete
reversals have been resolved, model is ready for Monte Carlo age
modeling.
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and effectively calculate multi-dimensional integrals (Bevington and

Robinson, 2003). By the Laws of Large Numbers, the expected value

of a random variable may be approximated to the desired degree by

enough independent random sampling and averaging the sample val-

ues (Owen, 2013). The AgeModel class of SpeleoPy follows a typical

Monte Carlo procedure (Kalos and Whitlock, 2008):

1. Acquire inputs (the dates and dating errors)

2. Generate random samples from probability distributions

3. Accept or reject results

4. Reduce results

We accomplished the first step in the previous section by initializing

and adjusting our AgeModel instance model. The next three steps are

performed by SpeleoPy when we call the Monte Carlo method:

7 model.monty_carlo(150, 2000000, chunk_size=1000)

generate

The two required arguments to model.monty_carlo() are effec- The Python

language is named

after the British

absurdist comedy

group. To limit

confusion,

monte_carlo()

points to

monty_carlo().

tively kill-switches for the Monte Carlo procedure. The first, 150,

indicates the desired number of accepted simulations; the sec-

ond argument, 2 million, is the maximum number of simula-

tions to run. A single simulation consists of a series of random

samples, one per age control point.

Simulations are performed in batches, or chunks. The number

of simulations per chunk is by default 1000 (chunk_size=1000),
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which for large total simulation requests is extremely time- and

resource-efficient. For each chunk, a random sample array is cre-

ated:

samples = np.zeros((self.dates.size, chunk_size))

samples = np.random.normal(size=samples.shape)

An empty 23-row (one row per age control point), 1000-column

array is filled with random numbers drawn from a normal dis-

tribution where µ = 0 and σ = 1. This sample array is multiplied Technically the array

math is performed

with arrays of

identical size, so

versions of the age

and error arrays that

have 1000 identical

columns are used.

by the AgeModel 1 σ error array and then added to the AgeModel

age array, yielding 1000 age model simulations, the simulation

array. This is nearly a factor of 40 faster than simple Python loop-

ing and singly-drawn random samples.

evaluate

Simulations are accepted or rejected on the basis of monotonic-

ity. Concurrently for each simulation in the simulation array, the

difference between older and younger age control points is cal-

culated and the minimum of these differences is found. Simu-

lations with a minimum difference less than zero are rejected

and placed in a model.bad_sims precursor, while those with a

minimum difference greater than or equal to zero, indicating

monotonicity, are accepted and placed in he model.good_sims

precursor and the acceptances counter is incremented. The Gen-

erate and Evaluate steps are repeated until the desired number

of acceptable simulations is reached, or the maximum number

of simulations rounded to the nearest chunk has been run.
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calculate

Once the model is finished running, the model.bad_sims

and model.good_sims arrays are assembled and the the

model medians (model.model_median) and standard deviations

(model.model_error) are calculated from the accepted simula-

tions.

Once the Monte Carlo model has finished running, the user may

view the results. As before, the user can retrieve a table of results by

calling model.print_model_dates(), or create a plot of results with

model.view_agemodel(). This latter call has several different options

for visualizing the age model process and results. The upper and

lower panels of Figure 119, which illustrate the three steps above,

were made in two separate calls to model.view_agemodel(). The first

visualizes the simulations and their acceptance state for the model:

8 model.view_agemodel(ax0, badsim_step=2000, view_simulations=True,

9 view_original=False, view_results=False,

10 use_depth=True)

by setting view_simulations=True and providing a matplotlib

Axes instance. Black lines represent the accepted (monotonic) sim-

ulations and the orange lines the rejected simulations. As plotting

thousands to millions of lines is extremely computationally expen-

sive, the user can limit the rejected simulation plotting to every

nth simulation with the badsim_step argument. The model median

and the original age control point line are hidden by setting the

view_results and view_original keywords to False. In the second
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Figure 119: Plotted in the upper panel are the Monte Carlo age model sim-
ulations generated when we called model.monty_carlo(). Ac-
cepted (monotonic) simulations are shown in black, which re-
jected simulations are drawn in orange behind. The accepted
simulations are reduced to a median and standard deviation at
at the depth of every age control point. This is shown in the
lower panel.
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call to model.view_agemodel(), the former keyword is set to True to

view the model medians and standard deviations:

11 model.view_agemodel(ax1, view_simulations=False,

12 view_results=True, view_original=False,

13 model_color=colormaps.magma(0.5),

14 **errordict)

Besides a matplotlib Axes on which to plot the indicated data, a

line color (model_color) and a dictionary of Axes.errorbar() format- colormaps.magma

is one of the

perceptually

uniform,

colorblind-friendly

colormaps recently

released for

matplotlib. It can

be seen in figures

throughout this

work.

ting keywords (**errordict) are provided.

h.2.3 Subsample Ages and Extrapolation

At this stage in our workflow, modeled ages are available at the depths

of the original age control points. As subsamples for proxy analysis

typically are collected at a high resolution between dating pits, the

subsample ages must be interpolated between modeled ages. Occa-

sionally, subsamples are also collected above and below the upper-

most and lowermost pits, and so subsample ages must also be extrap-

olated.

SpeleoPy has two interpolation options: linear, or a Piecewise Cu-

bic Hermite Interpolating Polynomial (PCHIP) one dimensional mono-

tonic cubic interpolation. Each AgeModel will store one interpolation

and set of subsample ages at a time. An interpolation-only procedure

proceeds as follows:

15 model.set_cubic_interpolation_eq()
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With this first call we derive the cubic interpolation equations from

our modeled ages. The next call uses these equations and the user-

provided array of sample depths (or heights; set is_depth=False) to

calculate the array of subsample ages and age errors:

16 model.set_subsample_ages(subsample_z, is_depth=True)

Any subsample depths that are beyond the age control point depths

will be assigned a value of None. To calculate ages for these points, we

have to perform an additional step before deriving the interpolation

equation and acquiring the subsample ages:

17 model.extrapolate(0, 5300, young_p0=0, young_p1=(1, 2),

18 old_p0=-1, old_p1=(-2, -3), is_depth=True)

This is a simple extrapolation procedure which takes the upper

limit of the record and finds the corresponding age by drawing a

line through the age control points young_p0 (age control point 0, the

first point) and young_p1 (which in this case we chose to be the mid-

point between age control points 1 and 2), and projecting that line to

the indicated depth. The same procedure is followed at the end of the

record.

Although the user may choose any age control point or age control

midpoint to be any of the four extrapolation points, monotonicity is

only assured if young_p0 and old_p0 remain the first and last age

control points, respectively. To illustrate the effect of age control point

choice on subsample ages, Figure 120 shows what happens at the top

of our model when young_p1 is changed.

Once the extrapolation has been performed, the interpolation equa-

tion needs to be set and the subsample ages calculated.
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To view the subsample ages, the user can of course review these

results as a list by calling model.print_subsample_ages(), or view a

plot of results. This call was used to construct the age model line with

error envelope in Figure 121; other calls were used to plot the original

age control points and growth rate line.

19 model.view_subsample_ages(ax, errors_or_betweenx=’betweenx’,

20 facecolor=ccolormaps.magma(0.15),

21 edgecolor=’none’, alpha=0.3)

All data used and calculated with AgeModel are readily exposed

to the user so that they may inspect and plot the data as they wish,

without necessarily having to use any of the plotters provided by the

class.

h.2.4 Other Functionality

Extremely complicated stratigraphies, such as those in the 139 – 129

kyr growth phase of WR-41, may require age modeling techniques

that are currently beyond the capability of AgeModel. In recognizance,

AgeModel includes a function that will output a text file containing the

age control point data in the complicated format required by OxCal:

22 model.write_oxcal_format(0, 5300, r’C:/data/oxcal_fmt.txt’,

23 is_depth=True)

This text can be copy-pasted directly into an OxCal P-Sequence

model initialization window and run.
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Figure 120: Monte Carlo age modeling.
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Figure 121: Monte Carlo age modeling.
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Figure 122: The first five lines of the DataFrame containing my SIMS δ18O data (Chapter 5, which
we will correct for global ice volume.

h.3 data management and δ18o ice volume cor-

rection

The remainder of the SpeleoPy functionality deals with paleoclimate

data management and analysis, specifically paleoclimate record snip-

pet concatenation and ice volume correction of δ18O. These tools em-

ploy the excellent pandas library for tabular data formatting and fancy

indexing operations (McKinney). The pandas library allows the user

to cross-reference data via meaningful indices and named columns

and contains many useful tabular data analysis tools.

The first step of using this toolkit is initializing a DataFrame con-

taining the paleoclimate data. There are several means to get data

from an Excel workbook into a DataFrame; these are described else-

where. Here in Figure 122, we have initialized a DataFrame named

d18o_record containing age, depth, analysis name, δ18O (VPDB), δ18O

(VSMOW), and the standard deviation of the δ18O values.
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With this DataFrame, we can begin the ice volume correction pro-

cess.

h.3.1 Ice Volume Correction of δ18O Values

During glacial periods, more isotopically lighter water is locked in

continental ice sheets; during interglacial periods, the oceans are iso-

topically heavier. As rain falling on continents ultimately derives its

moisture from the oceans, the isotopic composition of this rain will

not only reflect local, regional, and potentially global climate pro-

cesses, but will also carry an oceanic signal.

Records of sea level foster estimates of the total ice volume and thus

the change in mean ocean δ18O. By applying these correction factors

to δ18O records of paleoclimate, we can deconvolve the ice volume

influence from the rest of the record, revealing the true climate δ18O

signal. This procedure can be done robustly with SpeleoPy in as few

as three steps.

SpeleoPy includes a sea level and δ18O value change record for the

last 168,000 years, spliced together from a series of records (Bard et al.,

1990; Edwards et al., 1993; Bard et al., 1996; Hanebuth et al., 2000;

Cutler et al., 2003; Stanford et al., 2006; Arz et al., 2007; Bard et al.,

2010). This data is available as a text file within the package. The first

step in the SpeleoPy ice volume correction procedure is to initialize

this data table:

1 sealeveldata = speleopy.get_sealevel_data()

449



H speleopy

Figure 123: This figure shows the first five lines of the DataFrame containing
my SIMS δ18O data. The DataFrame has been edited so that now
the rows are labeled with the age in years BP of each value, rather
than 0 – n. This will allow us to efficiently match the correct ice
volume correction factors.

This function not only acquires the data from the text file, but also

linearly interpolates the sea level and δ18O value changes between

data points, creating a DataFrame that has a row for every year. The

Age column is, critically, set as the index by which rows are identified.

To match the correction factors of the correct ages to our data, we

must also set our dataset’s index to our age column, here called Ages,

which must be in years:

2 d18o_record = speleopy.icevol_corr_prep(pd18o_record, ’Age’, True)

The arguments we passed are our δ18O record DataFrame, the label

of our age data column, and confirmation that our age data is in kilo-

years rather than years. With this information, the function ensures

that numeric values are actually a numeric type in the DataFrame (in-

stead of in string format), converts kiloyears to integer years, and sets

our age data as the index, as shown in Figure 123. Now, with both
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correction data and our paleoclimate data in the appropriate format,

we can perform the ice volume correction:

2 d18o_record = speleopy.icevol_corr_prep(pd18o_record, ’Age’, True)

Here, we input our paleoclimate record, the column label of the

data to correct, the column label we wish the corrected data to have,

and our sealeveldata DataFrame. Additionally, we must indicate if

our data is on the Vienna Standard Mean Ocean Water (VSMOW) scale

(True) and if an additional output column on the Vienna Pee Dee

Belemnite (VPDB) scale is desired (True). As VPDB and VSMOW are

scaled slightly differently, it is not entirely mathematically correct to

apply the ice volume correction factors to a δ18O record on the VPDB

scale. Fortunately, SpeleoPy includes a conversion function, which the

ice volume corrector calls as needed. Sea level data acquisition is not

included as part of the ice volume correction process. This was done

in order to more fully expose the data to the user, and give them the

opportunity to perform smoothing or averaging procedures such as

pandas.rolling_mean(). Our ice volume corrector, using the inherent

pandas DataFrame capabilities, extracts the rows in sealeveldata that

have the same index (the same age) as our dataset and applies the

correction factors. The results of this correction are shown tabularly

in Figure 124 and graphically in Figure 50; full tabulated results are

available in Appendices D and E.
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Figure 124: The first five lines of the DataFrame; the new columns, vsmow corr and vsmow corr
(VPDB) are the ice volume corrected δ18O values on the VSMOW scale an VPDB scales,
respectively.

h.4 conclusions and future work

Creating Monte Carlo age models and performing ice volume correc-

tions to δ18O values can be performed robustly and efficiently with

SpeleoPy. Future versions of this package will improve upon and

expand the current capabilities. Potential new features include the

incorporation of band counting into AgeModel and hiatus detection;

Bayesian analysis in the form of MCMC will improve outcomes for

complex age models with multiple stratigraphic reversals and abrupt

changes in growth rates.
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