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Abstract

The combination of ion microprobe analysis of d18O and confocal laser fluorescent microscope imaging of annual growth
bands in a Soreq Cave speleothem provides sub-annual-scale climate information between 34 and 4 ka. This high-resolution
methodology is ideal both for comparing seasonal climate patterns across broad windows of time and examining rapid climate
events, such as the Younger Dryas termination, in detail. The sub-annual d18O gradients we report represent a combination of
seasonal variability in rainfall amount and air temperature. A distinct change in both the pattern of fluorescent banding and
the gradient of d18O measured in situ across single, annual growth bands indicates a change in seasonal climate patterns of the
Eastern Mediterranean region following Heinrich event 1 and again after the Younger Dryas. Throughout the Holocene, wet
winters and dry summers characterized regional climate. During the Younger Dryas, we find that regional climate may have
been more arid than in the Holocene, but the fluorescent banding pattern indicates that the supply of dripwater to the cave
was more consistent year-round. We suggest that a reduced gradient of seasonal precipitation, occasional snowfall, and veg-
etation differences may have all contributed to the isotope and fluorescent banding patterns observed during Heinrich event 1
and the last glacial stadial. Detailed investigation of the Younger Dryas termination reveals a rapid onset of regional envi-
ronmental change. Fluorescent band counting indicates that the Younger Dryas termination, as recorded by rainfall in the
Eastern Mediterranean, spanned a minimum of 12 years.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

1.1. Background

Model predictions of climate change over the next cen-
tury are in broad agreement with respect to globally
averaged surface temperatures, showing an increase of
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�2–4 �C given projected greenhouse gas emissions, but key
details remain uncertain (IPCC, 2007). Likewise, models
predict a climate response that varies by both region and
rate. It follows that high-resolution proxy records of past cli-
mate events are essential for calibrating model forecasts of
seasonal and abrupt climate change on both regional and
global scales. In this paper, we present a high-resolution
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geochemical climate proxy from a cave deposit in the East-
ern Mediterranean (EM) region that is a record of seasonal
precipitation from 34 to 4 ka. Combined with data presented
in Orland et al. (2009), we build a regional record of seasonal
climate from 34 to 1 ka.

Cave deposits (speleothems) are valuable records of mul-
tiple paleoclimate variables in numerous locations around
the globe (e.g., Baker et al., 1993; Wang et al., 2001;
McDermott, 2004; Fairchild et al., 2006; Baldini et al.,
2008; Cheng et al., 2009; Lachniet, 2009; Wong et al.,
2011). In many cases, geochemical tracers in speleothems
are used to identify changes in global and regional climate
trends on a decadal to millennial scale. Given conventional
drill-sampling techniques (mm-scale spatial resolution) and
typical speleothem growth rates, however, most speleo-
them-based proxy studies from semi-arid climates are un-
able to resolve seasonal or sub-annual information.
Following the methodology established by Orland et al.
(2009), this study examines the utility of in situ micron-scale
(sub-annual temporal resolution) ion microprobe oxygen
isotope (d18O) analysis for interpreting seasonal climate
patterns in a Soreq Cave (Israel) stalactite (“sample 2N”,
Fig. 1) that grew during the last glacial period, deglaciation
and Holocene.

1.2. Related environmental proxy records

The record of seasonal climate from this study repre-
sents new information for interpreting mid-latitude climate
dynamics during Northern Hemisphere deglaciation. Spele-
othem sample 2N provides a relevant record of both regio-
nal- and hemisphere-scale climate responses to deglaciation
(Bar-Matthews et al., 1999, 2000, 2003). The existing d18O
record from Soreq Cave generally agrees with that of other
Fig. 1. Stalactite sample 2N from Soreq cave, Israel, cut in
horizontal cross-section. Samples from the matching face were
drilled for geochronology (Table 1). The “working traverse” for ion
microprobe analysis of d18O is highlighted with a white dashed line
and the location of the 1 cm cubes (A–P) cut for ion microprobe
mounts are outlined in black. Areas of irregular calcite crystal
growth, indicated by white arrows, are visible in cubes M, N, and
O. Inset, left: picture of a 25 mm round epoxy mount for ion
microprobe analysis with cubes E and F positioned with the
working traverse centered and UWC-3 calcite standard grains in
the middle. Inset, right: map of Israel showing the location of Soreq
Cave (SC), Jerusalem (J), the Eastern Mediterranean Sea (EM) and
the Dead Sea (DS).
speleothems in the region (Frumkin et al., 2000; Verheyden
et al., 2008). Soreq Cave is located such that it is influenced
by the eastward advection of complex climatic variability in
the North Atlantic. Further, the Soreq Cave isotope record
may respond indirectly to an enhanced African Monsoonal
System (Almogi-Labin et al., 2004, 2009) and movement of
the Intertropical Convergence Zone, a major climate tele-
connection mechanism examined and invoked by many
paleoclimate workers (Wang et al., 2006; Anderson et al.,
2009; Cheng et al., 2009; Waldmann et al., 2010; Denton
et al., 2010).

Nearby regional paleoclimate records include lake level,
marine sediment, and pollen environmental proxies. Shore-
line sediments from the Dead Sea, which is in a terminal ba-
sin �45 km east of Soreq Cave, are used to reconstruct
paleo-Dead Sea levels and regional water balance (Enzel
et al., 2003; Bartov et al., 2003; Bookman et al., 2004;
Lisker et al., 2009; Torfstein et al., 2009; Stein et al.,
2010; Waldmann et al., 2010). Understanding the contribu-
tions of both precipitation and evaporation is imperative
for interpreting Dead Sea levels; since this is ambiguous
in Dead Sea shoreline records, the interpretation of past re-
gional rainfall amount is uncertain. Curiously, however,
Dead Sea level is highest during the last ice age when high
d18O values in Soreq Cave speleothems are interpreted by
Bar-Matthews et al. (1997, 2003) to indicate a drier EM
climate. In order to reconcile this dispute, workers have
turned to marine and lacustrine sediment records.

Kolodny et al. (2005) use marine and terrestrial sedi-
ments to suggest that the long-term d18O trends observed
in Soreq Cave speleothems are a result of changes in d18O
of the Mediterranean Sea. Based on foraminiferal geochem-
istry, however, Almogi-Labin et al. (2009) argue that the
d18O values observed in Soreq Cave cannot be explained so-
lely by Mediterranean Sea surface d18O, and that sea-land
distance and relative elevation change due to lower sea lev-
els must be accounted for as water vapor is transported
from the EM to Soreq Cave.

Studies of pollen records near Soreq Cave (Baruch and
Bottema, 1991, 1999; Bottema, 1995; Rossignol-Strick,
1995; Hajar et al., 2008; Langgut et al., 2011) show an in-
crease in the abundance of temperate vegetation from the
last glacial maximum (LGM) into the Holocene, indicating
wetter climate in the Holocene. Rossignol-Strick (1995)
concludes that oxygen isotope and pollen records from
the EM and Arabian seas show two distinct climate regimes
during the last deglaciation: a cold, arid Younger Dryas,
and a temperate early Holocene with warm winters and
wet summers.

The implication by Rossignol-Strick (1995) that sea-
sonal climate differed between the Younger Dryas, the early
Holocene, and the modern is a major motivation for the
work presented here. Although some studies (Atkinson
et al., 1987; Denton et al., 2005) have reported significant
changes in Northern Hemisphere seasonality associated
with millennial-scale warming (Bølling-Allerød) and cool-
ing (Younger Dryas) events, few proxy records are capable
of resolving seasonal climate across the Northern Hemi-
sphere deglaciation. Denton et al. (2005) suggest that winter
Arctic sea ice extended much further south in the Atlantic
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during the Younger Dryas, resulting in relatively frigid win-
ters but mild summers. Tierney et al. (2011) introduce the
pairing of paleoclimate proxy data with an isotope-enabled
climate model in order to identify seasonal climate changes
as the cause for the East African Humid Period, 11-5 ka.
The main goal of this study is to determine if Soreq Cave
speleothems show the d18O signal of any significant season-
ality changes during Northern Hemisphere deglaciation
that can inform us about EM climate dynamics since the
LGM.

Speleothem sample 2N preserves a record of calcite
deposition across the last deglaciation. Although there are
hiatuses in the growth record along the analytical traverse,
we are able to interpret seasonality information from areas
of consistent growth. The micro-imaging techniques used in
this study allow us to recognize growth hiatuses, areas of
irregular crystal growth, and non-calcite inclusions in a
speleothem; we can then target ion microprobe analyses
accordingly. Hence, this study utilizes the unparalleled spa-
tial resolution of micro-analytical methodology to: (1)
examine seasonality data over long time spans, and (2)
reconstruct hemisphere-scale climate events that took place
over short time spans. Prior studies from Soreq Cave, de-
scribed in the following section, are integral to our climate
interpretations.

1.3. Prior work at Soreq Cave

This investigation builds on prior characterization of
Soreq Cave hydrology (Ayalon et al., 1998, 2004), the con-
ventionally sampled 185 ka record of d18O from Soreq Cave
speleothems (Bar-Matthews et al., 2003; Almogi-Labin
et al., 2009), and analyses of both fluid inclusions (McGarry
et al., 2004) and mass-47 CO2 isotopologue anomalies (D47)
in Soreq speleothem calcite (Affek et al., 2008). These stud-
ies make Soreq an ideal natural laboratory to apply new
procedures for high-precision analysis of d18O in 10 lm
spots by ion microprobe and imaging of annual growth
bands by confocal laser fluorescence microscopy (CLFM).
Orland et al. (2009) developed the high-resolution method-
ology as part of a detailed study of d18O in a Soreq Cave
stalagmite that grew from 2.2 to 0.9 ka. This study applies
the high-resolution methodology to a stalactite that formed
between 33.8 and 4.4 ka.

The geological and hydrological setting of Soreq Cave,
located in the Judean Hills 20 km west of Jerusalem, is well
described by numerous studies of Soreq speleothems and
hydrology (Bar-Matthews et al., 1996, 1997, 2003; Ayalon
et al., 1998, 1999, 2004; Matthews et al., 2000; Kolodny
et al., 2003; McGarry et al., 2004; Orland et al., 2009;
Bar-Matthews and Ayalon, 2011). In the modern EM,
�95% of the annual rainfall occurs during the winter “wet
season,” which extends from November until April. Over
the past 15 years, average annual rainfall above the cave
is �500 mm. Furthermore, modern precipitation demon-
strates an “amount effect,” a negative linear correlation of
the amount and d18O value of annual rainfall (Ayalon
et al., 1998, 2004; Orland et al., 2009).

Critical for this study is the work of Ayalon et al. (1998,
2004) to examine rainfall and dripwater d18O values in and
above Soreq Cave on a sub-annual timescale. They find that
rainfall d18O values vary seasonally above Soreq Cave, with
the lowest d18O values occurring during the peak of the
winter wet season. Furthermore, Ayalon et al. (1998) and
Orland et al. (2009) show that the modern pattern of sea-
sonal d18O variability in rainfall is transmitted to dripwa-
ters in the cave. We assume that seasonal d18O variability
in paleorainfall was likewise transmitted to dripwaters.
Next, we assert that the seasonal dripwater d18O signal is
reliably recorded in Soreq speleothems.

Prior work in Soreq Cave indicates that it is reasonable
to assume that d18O values in sample 2N reflect isotopic
equilibrium with dripwater. Although Affek et al. (2008)
find evidence for kinetic isotope effects in their measure-
ments of D47 in Soreq Cave speleothems, they determine
the corresponding effect on d18O to be negligible and ulti-
mately conclude that their samples precipitated at near-
equilibrium conditions for d18O. Moreover, Bar-Matthews
et al. (1996, 1997) established that sample 2N both passes
the Hendy test for equilibrium precipitation (Hendy,
1971) and replicates the d18O variability of other samples
from Soreq. Work in other caves (Mickler et al., 2006; Ban-
ner et al., 2007; Baldini et al., 2008) highlights the potential
influence of seasonal pCO2variability in a cave atmosphere
on both isotopic equilibrium and seasonal growth rates.
Since Soreq Cave had no natural entrance before it was dis-
covered during a quarrying operation in 1968, seasonal ven-
tilation of the cave atmosphere is presumed to have been
insignificant. Additionally, Orland et al. (2009) demonstrate
that the spatial resolution of our micro-analytical technique
will allow us to account for changes in seasonal growth
rates and avoid seasonally biasing the d18O record in sam-
ple 2N. Given these observations, we suggest that sample
2N precipitated in isotopic equilibrium and the d18O mea-
surements we present here faithfully record a seasonal
paleorainfall signal.

Orland et al. (2009) established guidelines to interpret
combined d18O and CLFM data from the analysis of a late
Holocene Soreq Cave calcite stalagmite (sample 2-6).
CLFM imaging along the analytical traverse from the
Holocene sample reveals a consistent sawtooth pattern of
fluorescence intensity across concentric growth bands.
The beginning of each growth band is marked by a sharp
onset of bright-fluorescent calcite (“bright calcite”), fol-
lowed by a gradual reduction in fluorescence intensity to
dark-fluorescent calcite (“dark calcite”) (Fig. 2A). The
end of each growth band is marked by the sharp change
to bright calcite in the next band. Ion microprobe analysis
of the same analytical traverse shows that d18O values vary
in a similar sawtooth pattern; the lowest d18O values occur
at the sharp onset of bright calcite and then gradually in-
crease as fluorescence gradually decreases.

Orland et al. (2009) interpret that these cycles represent
annual banding and attribute the covarying patterns of
fluorescence and d18O to a strongly seasonal rainfall pattern
similar to the modern EM rainfall regime. They suggest
that the onset of intense, low-d18O precipitation in the
wet season flushes organic acids that accumulate in the
upper soil column during the dry summer into the cave,
causing the sharp onset of bright fluorescent, low-d18O



Fig. 2. Four patterns (A–D) of fluorescence and d18O variability
within annual growth bands; each pattern is assigned a symbol for
use in Figs. 3B and 5. A schematic illustration of each pattern is
shown above an example from sample 2N. In each plot of d18O,
blue crosses and green triangles represent dark and bright
fluorescent calcite, respectively. Error bars indicate 2 s.d. of each
actual d18O analysis. Red spots in CLFM images show the location
of ion microprobe analyses (�10 lm diameter). Note the definition
of |D18O| illustrated by the vertical bars.
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calcite. Fluorescence intensity decreases and d18O values in-
crease in the speleothem following the wet season flush, and
the cycle repeats itself at the beginning of the following wet
season.

In order to quantify seasonality, Orland et al. (2009) de-
fined the variable D18O. Within a single annual growth band,
D18O(dark-bright) = d18O(dark calcite) � d18O(bright cal-
cite) (Fig. 2A). In sample 2-6, higher values of D18O(dark-
bright) indicate more rain during the wet season, and thus
a wetter year, while lower D18O(dark-bright) values indicate
generally dryer conditions. This proxy of seasonality relies
on the assumption that the modern pattern of distinct wet
and dry seasons is consistent with the climate regime of the
last 2.2 ka. In support of this assumption, Orland et al.
(2009) observed that d18O values in dark-fluorescent calcite
are relatively constant compared to d18O values of bright
calcite (see their Supplementary Material). Thus, dark calcite
reflects dry season dripwater from a mixed vadose zone res-
ervoir and provides a “baseline” d18O value that changes
slowly on a decadal scale. Therefore, in sample 2-6, it is the
d18O value of bright calcite that varies from year to year, cre-
ating differences in D18O(dark-bright). This model of
fluorescence and d18O values previously established in
sample 2-6 will be evaluated with data from the past 34 kyr
in sample 2N.

2. MATERIALS AND METHODS

2.1. U–Th dating

New U–Th disequilibrium ages of sample 2N, a stalac-
tite composed of low-magnesium calcite (Bar-Matthews
et al., 2000), were acquired by multi-collector inductively
coupled plasma mass spectrometer analysis at the Geologi-
cal Survey of Israel. The analytical method is described in
Bar-Matthews et al. (2010). Twenty-four calcite aliquots
were collected along a radial traverse of a 1 cm-thick slab
of the speleothem, sawed orthogonally to the vertical
growth axis. Calculated ages range from 4.5 ± 0.2 ka to
31.0 ± 0.9, and are corrected for excess 232Th. The assumed
initial 230Th/232Th activity ratio is 1.69, established in the
detailed isochron study of Soreq Cave speleothems by
Kaufman et al. (1998).

We define an “age model” for sample 2N based on lin-
ear interpolation between 11 selected U–Th dates. Of the
24 total ages measured, this simplified age model excludes:
five measurements that incorporated irregular calcite
growth (see Section 4.1.1 for further discussion) and eight
ages that were bracketed by adjacent spots with overlap-
ping error bars. The electronic annex Fig. EA-1 illustrates
the overlap between the linear interpolation age model
and a more complex Bayesian age model (Scholz and
Hoffman, 2011) that includes all 24 ages. Given the excel-
lent agreement between model types as well as our focus
on the comparison of extended time periods, we think
the linear interpolation model is suitable. Linear extrapo-
lation of observed growth rates to the core and outer rim
indicate that the d18O analyses presented here span from
33.8 to 4.4 ka. Table 1 lists the measured isotope ratios,
uncorrected and corrected U–Th disequilibrium ages of
all 24 measurements.
2.2. Sample preparation

A second 1-cm thick slab of stalactite 2N was cut adja-
cent to the piece dated at the Geological Survey of Israel
and sent to the University of Wisconsin-Madison (UW-
Madison) for ion microprobe analysis. At UW-Madison
this slab was cut along its longest radius (13.8 cm) into 13
�1 cm3 cubes using a thin-kerf jeweler’s saw. Fig. 1 shows
where the 13 cubes (A-I, M-P) were cut from the slab of
sample 2N and indicates the “working traverse” (white
dashes) along which ion microprobe analysis was
completed. The 13 cubes were mounted in pairs in seven
1-inch-diameter epoxy rounds (Fig. 1, inset). In each epoxy
mount, 3–4 grains of UWC-3 (calcite standard;
d18O = 12.49&, VSMOW; Kozdon et al., 2009) and the
working traverse were placed within �5 mm of the center
of each mount to prevent instrument bias during ion micro-



Table 1
U/Th age data from multi-collector inductively coupled plasma mass spectrometry analysis of sample 2N.

Sample
name

Distance
from
edge (mm)

U conc. (ppm) 234U/238U 230Th/234U 230Th/232Th Age (yr)
uncorrected

Age (yr)
corrected

2N-1 4.6 0.4200 ± 0.0003 1.02401 ± 0.00120 0.04735 ± 0.00070 13.10 ± 0.20 5300 ± 300 4500 ± 200

2N-3B 13.7 0.3898 ± 0.0003 1.01753 ± 0.00113 0.05845 ± 0.00094 10.29 ± 0.17 6500 ± 200 5400 ± 300

2N-4C 17.0 0.3785 ± 0.0003 1.01523 ± 0.00130 0.05800 ± 0.00074 11.63 ± 0.15 6500 ± 200 5500 ± 300
2N-5B 18.9 0.3687 ± 0.0004 1.01733 ± 0.00135 0.06283 ± 0.00081 12.21 ± 0.16 7100 ± 200 6000 ± 300
2N-6 23.1 0.3682 ± 0.0002 1.01920 ± 0.00131 0.06597 ± 0.00117 13.71 ± 0.24 7400 ± 300 6000 ± 400
2N-7+8 27.2 0.5841 ± 0.0004 1.01891 ± 0.00120 0.05557 ± 0.00062 19.81 ± 0.22 600 ± 140 5600 ± 200
2N-11 36.3 0.3516 ± 0.0002 1.01923 ± 0.00152 0.06140 ± 0.00068 10.44 ± 0.12 6900 ± 180 5700 ± 300
2N-12 40.8 0.3536 ± 0.0004 1.04713 ± 0.00150 0.08501 ± 0.00121 5.05 ± 0.08 9700 ± 280 6300 ± 400

2N-13 45.3 0.3219 ± 0.0002 1.03091 ± 0.00070 0.11127 ± 0.00094 6.05 ± 0.05 12900 ± 260 9200 ± 400

2N-15 65.7 0.3757 ± 0.0002 1.05584 ± 0.00184 0.11004 ± 0.00129 7.01 ± 0.08 12700 ± 300 9600 ± 400
2N-16 73.9 0.3898 ± 0.0003 1.03186 ± 0.00124 0.10284 ± 0.00074 16.40 ± 0.12 11800 ± 180 10600 ± 300

2N-16+17 75.7 0.4195 ± 0.0002 1.03399 ± 0.00092 0.09253 ± 0.00062 19.65 ± 0.13 10600 ± 150 9600 ± 300
2N-17 77.6 0.3898 ± 0.0003 1.03454 ± 0.00136 0.14110 ± 0.00167 4.77 ± 0.06 16500 ± 420 10600 ± 500
2N-17B 82.7 0.3611 ± 0.0004 1.02960 ± 0.00124 0.15299 ± 0.00172 4.40 ± 0.05 18000 ± 470 11200 ± 600

2N-18 88.2 0.3826 ± 0.0003 1.04747 ± 0.00163 0.14812 ± 0.00164 6.41 ± 0.07 17400 ± 500 12900 ± 500

2N-20* 97.1 0.5672 ± 0.0004 1.05566 ± 0.00129 0.14313 ± 0.00123 18.46 ± 0.16 16800 ± 300 15300 ± 400
2N-20+21* 99.8 0.6384 ± 0.0007 1.05845 ± 0.00208 0.17045 ± 0.00184 7.50 ± 0.08 20300 ± 480 15800 ± 600
2N-21 103.9 0.7739 ± 0.0006 1.05889 ± 0.00111 0.14585 ± 0.00094 27.70 ± 0.19 17100 ± 240 16100 ± 400

2N-22* 108.5 0.5413 ± 0.0003 1.05795 ± 0.00107 0.20533 ± 0.00115 4.29 ± 0.03 24900 ± 350 15400 ± 600
2N-23* 113.9 0.3824 ± 0.0002 1.07316 ± 0.00118 0.20665 ± 0.00109 5.95 ± 0.03 21000 ± 300 18200 ± 400
2N-24* 121.3 0.4034 ± 0.0003 1.07005 ± 0.00199 0.18878 ± 0.00104 7.45 ± 0.04 22700 ± 300 17700 ± 400
2N-25 124.7 0.5966 ± 0.0005 1.07111 ± 0.00147 0.19409 ± 0.00217 41.63 ± 0.49 23400 ± 600 22500 ± 700

2N-26 127.4 0.6305 ± 0.0004 1.06448 ± 0.00114 0.24987 ± 0.00330 17.45 ± 0.24 31200 ± 1000 28400 ± 1100

2N-27 129.8 0.5113 ± 0.0005 1.06262 ± 0.00089 0.25501 ± 0.00291 53.26 ± 0.67 32000 ± 840 31000 ± 1000

All errors are listed at the 2r confidence level. Ages used in the age model are in bold (see text for explanation, also Fig. EA-1). Ages from
areas of irregular crystal growth are asterisked. The positions of age analyses in sample 2N are indicated in Fig. EA-4.
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probe analysis related to sample position (Valley and Kita,
2005, 2009; Treble et al., 2007; Kita et al., 2009). Each
round was polished using diamond paste in a progression
from 6 to 1 lm grits and a final polish was applied using
a colloidal alumina (0.05 lm) solution. Warm tap water
and a soft toothbrush were used to remove any colloidal
alumina residue. The polishing method was previously
verified with sample 2-6 when imaging by reflected light
profilometer confirmed a surface relief of less than 3 lm
in the analytical portion of three epoxy rounds.

2.3. Confocal laser fluorescent microscopy

Imaging of the fluorescent growth bands in sample 2N
was performed in the Keck Bioimaging Lab at UW-Madi-
son with a Bio-Rad MRC-1024 scanning confocal micro-
scope. A 40 mW laser with a wavelength of 488 nm
coupled with an emission filter, which allows the transmis-
sion of fluorescent light with wavelengths between 505 and
539 nm, produced images of green growth bands. As we are
unaware of a suitable method for fluorescence standardiza-
tion, the focal plane depth, laser power, and signal gain
were held constant in order to normalize image intensity.
A series of 10–14 overlapping images (959 � 1199 lm) were
collected with a 10� objective lens (100� total magnifica-
tion) along the working traverse of each 1 cm-long sample
chip. Stitched together, the fluorescence images – combined
with reflected light image maps from an optical microscope
– were used to select domains for ion microprobe d18O
analyses.

2.4. Ion microprobe analysis of d18O

High spatial resolution analyses of oxygen isotope ratios
were completed on the CAMECA ims-1280 large radius
multicollector ion microprobe at UW-Madison. Before
insertion in the ion microprobe, each polished epoxy round
was: (1) cleaned in a sonicator with both distilled water and
ethanol; (2) gold coated with a coating thickness of
�60 nm; and (3) imaged with a reflected-light microscope
for mapping purposes. The d18O analysis spots are oval
with an approximate length of 10 lm in the long dimension;
the sample was oriented so that the shorter dimension of
the analysis spots was parallel to the working traverse.
Using the standard-sample-standard bracketing technique
outlined by prior workers (Kita et al., 2009; Kozdon
et al., 2009; Orland et al., 2009; Valley and Kita, 2009),
each block of sample analyses is assigned the precision of
the bracketing standards. Thus, the spot-to-spot reproduc-
ibility of the 8 standard analyses bracketing each block of
10–15 sample analyses is assigned as the precision for those
analyses. The average precision for the d18O spots on sam-
ple 2N is ±0.30& (2 standard deviations, s.d.).

Each d18O analysis spot is sputtered with a �1.7 nA pri-
mary beam of 133Cs+ ions, focused to �10 lm diameter at
the sample surface. Over the course of each 4 min analysis,



I.J. Orland et al. / Geochimica et Cosmochimica Acta 89 (2012) 240–255 245
the beam ablates a �1 lm deep pit in the calcite (�2 ng).
Both the gold coating applied to the sample surface as well
as a normal-incidence electron flood gun provide charge
compensation. The secondary ion intensity for 16O� was
generally 2.5 � 109 cps, depending on the primary beam
intensity. The mass resolving power for the measurement
of d18O is 2200; 16O� and 18O� ions are counted simulta-
neously on two Faraday cup collectors in multicollection
mode. Further discussion of WiscSIMS analytical methods
is presented elsewhere (Kita et al., 2009; Orland et al., 2009;
Valley and Kita, 2009; Kozdon et al., 2011). Data are re-
ported in Table EA-2.

The first analytical pass along the working traverse of
each sample cube includes widely-spaced analyses that help
define the general pattern of d18O variability across each
sample section and to explore areas of interest. A more de-
tailed analytical pass followed, with paired d18O analyses in
the brightest and darkest fluorescent portion of 165 bands.
Domains with visible surface pitting were avoided, except
as discussed below. In the growth bands with paired analy-
ses, analysis spots were placed in the widest, clearest por-
tion of the fluorescent banding pattern.

After ion microprobe analysis, the gold coating was re-
moved from each sample mount by lightly abrading the sur-
face using a medium-nap pad wetted with 0.25 lm diamond
suspension. Each sample mount was then reimaged by
CLFM to classify the fluorescence (dark, bright, intermedi-
ate or mixed) of each analysis spot.

2.5. Post ion microprobe investigation

Following ion microprobe analysis, secondary elec-
tron and backscatter electron imaging by scanning elec-
tron microscopy was used to examine representative
spots measured by ion microprobe. For analysis spots
with imperfect pit-bottoms (e.g., cracks in calcite,
microporosity) we used the respective ion yield values
to check analytical validity. Analyses that are unim-
peded by excessive porosity, irregular surface conditions,
inclusions of other minerals, or primary beam aberra-
tions have an expected range of ion yield values. As
discussed below, we defined this range statistically for
sample 2N and use it as the final test of validity for
each spot.

A standard-sample-standard bracketing technique was
used to determine the “percent yield” of each analysis rela-
tive to the average yield of the bracketing standards
(Table EA-2). On average, analysis spots in sample 2N
had yields that were 96.7% of the bracketing standard anal-
yses. The Tukey definition of a suspected outlier (Tukey,
1977) limits the accepted range of “percent yield” values
to between 93.2% and 100.4%. The 73 suspected outliers
(<6% of 1223 sample analyses, highlighted in Table EA-2)
are omitted from the plots and interpretations presented
here.

As discussed further in Section 3.2, microporosity exists
in some portions of sample 2N. Although some ion yield
values from the most porous areas are classified as outliers
by the Tukey definition, most fall within the accepted range
and are included in the interpretations below.
3. RESULTS

3.1. CLFM imaging

CLFM reveals concentric fluorescent bands across the
majority of the �13 cm working traverse of sample 2N.
Fluorescent bands are only absent in portions of the sample
with “irregular crystal growth,” discussed below. Each fluo-
rescent band is defined by a single gradational transition be-
tween bright fluorescent calcite (“bright calcite”) and dark,
non-fluorescent calcite (“dark calcite”). Band widths vary
from �2 lm (2 pixels resolved by digital CLFM images)
to 100 lm. Smaller bands may be common, but are not re-
solved by this technique.

Qualitative observation of the fluorescent banding
across the working traverse of sample 2N reveals that there
is significant variability in the banding pattern that is not
seen in younger samples from Soreq cave (Fig. EA-3).
Fig. 2 illustrates, in cartoon form, the four types of fluores-
cent banding pattern observed across the working traverse
of 2N. From 10.5 ka to present in speleothem 2N, the fluo-
rescence banding pattern is similar to that observed
(Fig. 2A) throughout Holocene sample 2-6 (Orland et al.,
2009). Specifically, each band has an abrupt onset of bright
calcite followed by a gradient to dark calcite through time;
the pattern repeats itself with an abrupt return to bright cal-
cite at the beginning of the next band. Normal to the axis of
elongation, the growth bands are concentric and crenulated;
the growth fronts have a regular, chevron pattern. The
chevron pattern reflects the radial c-axis orientation of cal-
cite rhombohedra that precipitated on the outer surface of
the stalactite. Linear truncations of the chevron pattern
by a sharp fluorescent band, which occur in several intervals
with irregular periodicity throughout sample 2N, are inter-
preted to represent dissolution of the outer surface of sam-
ple 2N and a time hiatus (see Fig. 5A in Orland et al., 2009).

Markedly different fluorescent banding patterns exist,
however, in growth prior to 10.5 ka. From �13.5 to
11 ka, the abrupt onset of fluorescence at the beginning of
each band is commonly smoothed so that the majority of
bands have a gradual gradient from bright to dark calcite
as well as from dark to bright in the subsequent fluorescent
band (Fig. 2B). This sinusoidal fluorescence intensity de-
scribes the majority of bands during this period.

Before 15 ka sinusoidal fluorescence is also common,
but the fluorescence pattern observed within some annual
bands is reversed with respect to Holocene growth de-
scribed above. As a result, two more banding categories
are observed. A number of the annual growth bands during
this time period have a reversed sawtooth fluorescence pat-
tern (Fig. 2C). Rather than the bright-to-dark progression
of Holocene bands, a sharp dark boundary indicates the
beginning of these bands. A gradient to bright fluorescence
then lasts until the end of the band, where the next sharp
dark boundary occurs. The fourth banding category
(Fig. 2D) is identical in fluorescence pattern to the grada-
tional transitions in Fig. 2B, but ion microprobe analysis
indicates that the oxygen isotope gradient is reversed as
discussed below. All four of the fluorescence patterns de-
scribed above are present before 22 ka.
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These banding pattern classifications are first made by
visual examination of the CLFM images and then interro-
gated by ion microprobe analysis of d18O. The difference be-
tween the banding patterns described in Figs. 2B and 2D is
determined by whether the bright calcite has a lower d18O
value than the adjacent dark calcite (2B) or vice versa (2D).

There are three areas of the working traverse where
calcite crystals have an irregular habit and do not contain
concentric fluorescent bands (arrows in Fig. 1). There are
no calculated values of D18O in these areas. This irregular
calcite is identified by CLFM and indicated as “irregular
crystal growth” in Fig. 3A (hashed vertical rectangles), cal-
cite crystals form a cross-hatched pattern with a much high-
er porosity relative to the rest of the sample. The irregular
crystal growth, discernable to the naked eye on a polished
surface, is clearly identified in both reflected-light (Fig. 1)
and CLFM imaging (Fig. EA-3). Further discussion of this
material is in Section 4.1.1.

3.2. Ion microprobe analysis of d18O

Results of the 1223 d18O sample analyses and 589 stan-
dard measurements are recorded in chronological order of
analysis in Table EA-2. The d18O values measured in sam-
ple 2N range from �9.1& to �2.5& (VPDB). Figure EA-4
plots the d18O value and the fluorescence classification of
each ion microprobe spot. In Fig. 3A, which shows analyses
with either dark or bright fluorescence classifications, an 11-
point running average is plotted for only dark calcite spots
Fig. 3. (A) shows the measured d18O (&, VPDB) values for ion micro
crosses) fluorescent calcite within each band across sample 2N (34–4 ka).
0.9 ka to illustrate the continuity of d18O and fluorescence patterns in di
d18O values represent drier climates while lower d18O values are characte
average of dark calcite from �14-4 ka, shows the general trend of “ba
consistently higher d18O values. Zones of irregular calcite growth are outli
2r errors and the average 2 s.d. for d18O measurements (0.30&) ar
D18O = d18O(dark calcite) � d18O(bright calcite)] of individual bands. See
Younger Dryas (YD), Heinrich 1 (H1), and Sapropel 1 (S1) events are hig
(2000), and dates for S1 are from Bar-Matthews et al. (2000).
between 14 and 0 ka. The running average illustrates the
high d18O “baseline” of this dataset since 14 ka.

Imaging of ion microprobe pits by backscatter electron
imaging reveals that some dark fluorescent calcite in older
portions of sample 2N contains microporosity (Fig. EA-
5). Void spaces in the microporous regions tend to have
elongated shapes with long axes parallel to the radial
growth direction of calcite crystals. Inspection of backscat-
ter electron images from areas with microporosity indicates
that most void spaces have a maximum dimension less than
1 lm in length, do not appear to be interconnected, and
amount to at most �7% of the total area in a single pit-bot-
tom. To ensure that the microporosity, which varied in its
distribution along single bands, did not affect ion micro-
probe analyses, we made a total of 63 d18O measurements
along seven 0.5–2 mm traverses parallel to bands displaying
microporosity (Table EA-6). The mean value of two stan-
dard deviations of the seven groups of d18O analyses along
individual bands is 0.71&, approximately two times the
average spot-to-spot precision (2 s.d.) of the bracketing
UWC-3 calcite standard analyses obtained during these
analyses (0.31&).

Some excess in variability of the along-band analyses as
compared to standard analyses is expected. Orland et al.
(2009) showed that d18O within annual growth bands is
zoned, thus, slight variability in the positions of analysis
spots along the strike of an annual band results in greater
heterogeneity than the homogeneous calcite standard.
Furthermore, the greatest intra-band d18O variability is ob-
probe analysis of the brightest (green triangles) and darkest (blue
Data from sample 2-6 (Orland et al., 2009) is included from 2.2 to
fferent samples during the Holocene. During the Holocene, higher
ristic of wetter climates. The heavy black line, an 11-point running
seline” d18O values during periods of time when dark calcite has
ned by the hashed rectangles between 22 and 14 ka. U–Th ages with
e shown at the top. Panel (B) shows values of |D18O| [where
Fig. 2 for the explanation of the symbols used to plot |D18O|. The

hlighted with yellow shaded bars. Dates for H1 are from Bard et al.
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served along bands that have the highest degree of micropo-
rosity in sample 2N (as inferred from optical microscopy
and anomalously low ion yield values). These are bands
that would otherwise be avoided by the analyst. Thus, we
are confident in measurements of d18O within bands that
display lesser degrees of microporosity.

3.3. Calculating D18O(dark-bright)

Orland et al. (2009) proposed that the difference in d18O
values between the bright and dark fluorescent calcite
of a single annual band [D18O(dark-bright) = d18O
(dark) � d18O(bright)] represents a quantitative measure
of seasonality. While all values of D18O(dark-bright) are po-
sitive in sample 2-6, fluorescent banding patterns are occa-
sionally reversed (i.e., dark-to-bright, Figs. 2C and D) in
sample 2N such that D18O(dark-bright) values are negative
in 52 (32%) of the 165 analyzed bands. Where the fluores-
cent banding pattern is reversed, d18O values in bright cal-
cite are higher than d18O values in dark calcite. Note,
however, that the sawtooth pattern of d18O variability re-
mains the same across each band, irrespective of fluores-
cence; lower d18O values always precede higher d18O values.

We simplify visual comparison of D18O across sample
2N by plotting |D18O|(dark-bright), the magnitude of the
d18O gradient within single annual bands, in Fig. 3B.
Fig. 2 illustrates how |D18O| values are calculated from
different fluorescent banding patterns. The calculated val-
ues of |D18O| range from 0.0&. to 2.5&. No relationship
is evident between |D18O| values and band widths.

4. DISCUSSION

Coupled changes in |D18O| and fluorescent banding in
sample 2N indicate multiple significant environmental
changes above Soreq Cave in the last 34 kyr. Given the
complexities of the ocean-atmosphere-soil-cave system
and the lack of similar seasonal records in the literature,
the interpretations we outline below are ripe for further
interrogation. We examine the results from the perspective
of, first, only the fluorescent banding data, and second,
after incorporating the oxygen isotope data.

4.1. Interpretation of fluorescent banding

The occurrence of fluorescence at the excitation and emis-
sion wavelengths used in CLFM imaging of sample 2N indi-
cates that the fluorescent bands we observe are likely a result
of seasonal variability of organic acids in cave dripwaters
(Senesi et al., 1991; Baker et al., 1996; McGarry and Baker,
2000; Tan et al., 2006). The combination of the hydrologic
setting of Soreq Cave with distinct seasonal rainfall further
supports the idea that fluorescent banding in Soreq speleo-
thems is caused by annually variable organic acid infiltration
(Orland et al., 2009). For much of sample 2N, fluorescent
bands are easily discernable and many have widths of 10–
50 lm. Two features of the fluorescent banding are discussed
in more detail below: (1) areas of irregular banding where cal-
cite crystal growth is atypical, and (2) variability in the pat-
tern of fluorescent banding (as in Fig. 2).
4.1.1. Irregular banding pattern

There are portions of sample 2N, highlighted by three
hashed rectangles between 22 and 14 ka in Fig. 3A, where
the crystal habit of speleothem calcite takes on an irregular,
lattice-type structure (Figs. 1, EA-3). Fig. 1 shows that
these domains are lenses that pinch out. Thus, while any
continuous-growth age model would assign long periods
to these zones, their growth duration is uncertain, especially
before Heinrich event 1 (H1). There are three likely expla-
nations for the irregular crystal growth habit. First, Bar-
Matthews et al. (2003) find that speleothems with regular
growth during these time periods have consistent isotopic
profiles. Hence, the most likely explanation for the irregular
crystal growth habit is a change in the local hydrologic
character of the cave-groundwater system (i.e. drip supply)
where sample 2N was growing.

Second, a change in environmental factors within the
cave (i.e. cave humidity, pCO2 of the cave atmosphere)
may have resulted in a different physical or chemical mech-
anism of calcite precipitation. Interestingly, these irregular
portions are coincident with periods of time, the LGM
(�20 ka) and Bølling–Allerød (�14 ka), which other
Northern Hemisphere proxies (McGarry et al., 2004; Affek
et al., 2008; Almogi-Labin et al., 2009) identify as having
vastly different environmental conditions: the LGM was
cold and dry, while the Bølling–Allerød was warm and
wet. Perhaps the resumption of concentric banding at the
onset of Heinrich 1 (H1) and Younger Dryas (YD) climate
events (Fig. 3) is a clue for the cause of banding variability.

Third, it is possible that the irregular crystals formed as a
result of calcite recrystallization in the speleothem. U–Th
ages determined from irregular calcite crystals are within er-
ror of the ages in adjacent, “regular” crystal growth, sug-
gesting that if this material was recrystallized, either the
U/Th ratio was preserved or calcite replacement happened
soon after primary precipitation of the speleothem calcite.
Furthermore, the irregular calcite does not cut across adja-
cent banding patterns, suggesting that it accumulated on the
outer surface of the speleothem and was later covered by
regular calcite growth. Since the cause of the irregular crys-
tal growth may be a change in the local hydrological envi-
ronment and/or regional climate, we avoid interpreting the
d18O data analyzed in these zones. Notably, d18O values that
were measured in the irregular calcite (included in Figs. 3,
EA-4) do not change the interpretations that follow.

4.1.2. Fluorescent pattern variability

This section outlines hypothetical climatic interpreta-
tions of the fluorescent banding patterns that are character-
istic of different portions of sample 2N (Fig. 2). Discussion
in subsequent sections will include oxygen isotope data.

Throughout the portion of sample 2N that grew after
10.5 ka, annual growth bands are characterized by a sharp
onset of bright fluorescence followed by a gradual return to
dark fluorescence (Fig. 2A). Here we adopt the fluores-
cence-climate interpretation of Orland et al. (2009). Specif-
ically, the onset of heavy rain events at the beginning of the
winter wet season transports organic acids, which accumu-
lated in the upper soil column during the dry season, into
the cave where they are trapped in speleothem calcite.
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Based on the consistency of speleothem fluorescent band-
ing, we suggest that the modern, annual pattern of distinct
wet and dry seasons was the dominant climate regime in the
EM for at least the last 10.5 ka.

Before 10.5 ka, sample 2N records two additional
patterns of fluorescent banding: fluorescence intensity that
varies sinusoidally across bands (Figs. 2B and D) and
dark-to-bright fluorescence patterns (Figs. 2C and D) that
are reversed relative to the bright-to-dark Holocene pat-
tern. Gradual sinusoidal transitions between bright and
dark calcite suggest that rainfall was more consistent during
the onset and termination of organic acid production in the
soil, perhaps due to a reduced gradient in seasonal rainfall
or a change in organic acid production. During the YD,
when pollen records (Rossignol-Strick, 1995; Langgut
et al., 2011) indicate that semi-arid species dominate EM
vegetation, a different plant population may have caused
distinct fluorescent patterns by altering the timing, type or
amount of organic acid delivery into the cave.

The reversed fluorescence patterns suggest multiple pos-
sible changes in the manner that organic acids are delivered
into Soreq Cave. We present four potential explanations for
the intermittent reversals in the order of fluorescence band-
ing before 15 ka. (1) A change in the timing or rate of or-
ganic acid production in the soil column relative to wet
season rainfall events. (2) Reduced seasonality of rainfall
(i.e. less distinct wet and dry seasons). (3) Snowfall or fro-
zen ground during the winters of H1 and YD. (4) A change
in the dominant type or amount of vegetation. Hypotheses
for both reversed and sinusoidal fluorescence patterns are
evaluated in the following section by considering d18O
and D18O values within annual bands.
Fig. 4. Plot of d18O(calcite) vs. |D18O|(dark-bright) for every pair of
analyses within a single annual band between 10.5 and 4 ka
(n = 49). As in Fig. 3, green triangles represent d18O measurements
made in bright calcite and blue crosses represent d18O measure-
ments made in dark calcite. Linear best-fit regressions of each
population illustrate trends discussed in the text. The dashed line is
fit to measurements in bright fluorescent calcite (R2 = 0.33) and the
solid line (mean = �6.08&, s.d. = 0.42&) is fit to measurements in
dark calcite.
4.2. Interpretation of d18O and D18O values

Almogi-Labin et al. (2009) examined conventionally
measured d18O values in sample 2N and found that they
agree with the (inverse) NGRIP Greenland ice core d18O re-
cord. Thus, the d18O data reported in Fig. 3A, which in-
clude all ion microprobe measurements in bright and
dark fluorescent calcite from samples 2N and 2-6, are used
to help guide the identification of the major climatic peri-
ods. Following the LGM, Fig. 3A illustrates that d18O val-
ues record: (1) the end of the LGM, H1; (2) the onset,
duration, and termination of the YD; and (3) the Holocene
up to �0.9 ka.

By themselves, d18O values from the late Holocene can be
used to interpret a regional history of seasonal climate based
on the modern “amount effect”. But what about before the
Holocene, when the climate modes in the North Atlantic
and EM were significantly different? Can we apply the pres-
ent-day amount effect as suggested by Bar-Matthews et al.
(2003)? Recent studies suggest caution (Vaks et al., 2006;
Almogi-Labin et al., 2009). They note that lower sea levels
during the LGM effectively moved Soreq Cave inland and
to a higher elevation relative to its Holocene position. This
would increase Rayleigh fractionation of water vapor during
transport to the cave and decrease local rainfall d18O values
by �1–1.5& during the LGM, independent of rainfall
amount (Vaks et al., 2006; Almogi-Labin et al., 2009).
The advantage of the micro-analytical approach pre-
sented here is that we are able to consider two features in
addition to d18O values: the fluorescent pattern of annual
growth bands discussed above and calculated values of
|D18O|(dark-bright). We consider all three factors in parallel
for the climate interpretations below.

4.2.1. The Holocene

Orland et al. (2009) found that d18O and D18O(dark-
bright) values could be used together to examine hydrolog-
ical characteristics of Soreq Cave. A plot of d18O vs.
D18O(dark-bright) using data from late Holocene sample
2-6 (Fig. 7 in Orland et al., 2009) illustrates that the d18O
of dark calcite is relatively consistent while the d18O of
bright calcite is more variable and, thus, dictates D18O val-
ues. Orland et al. (2009) describe dark calcite as represent-
ing “baseline” dripwater that entered the cave from a
vadose zone reservoir during the dry season and bright cal-
cite reflects infiltration of wet-season precipitation. It is
clear that the distinct wet/dry seasonal climate of the late
Holocene is reflected in D18O data.

For sample 2N, a similar plot of d18O vs. |D18O|(dark-
bright) for analyses dated between 10.5 and 4 ka (Fig. 4)
shows a nearly identical pattern to the late Holocene sam-
ple examined by Orland et al. (2009). Namely, the d18O val-
ues of dark calcite in 2N after 10.5 ka are relatively
consistent, while the d18O values of bright calcite are more
variable and dictate |D18O| values. Thus, the isotope data
confirm the fluorescent banding interpretation described
above: the climate regime of distinct wet and dry seasons
persists throughout the Holocene in the EM. This conclu-
sion does not point to a persistence of wet summers in
the early Holocene as proposed by Rossignol-Strick (1995).

We note two additional features of Holocene d18O and
|D18O| values. First, the running average of baseline (dark)
d18O values increases �1& from 10.5 to 5 ka (Fig. 3A).
Lower d18O values in the early Holocene likely reflect con-
tributions of meteoric water (low d18O) from a combination



Fig. 5. Oxygen isotope data and CLFM imaging of sample 2N across the Sapropel 1 (panel A) and Younger Dryas (panel B) events. In both
panels A and B, the upper portion of the graph shows d18O(calcite) values across the climate event as recorded in sample 2N. The solid lines
indicate running averages of the d18O data values with dark and bright fluorescent classifications. The lower portion of each graph plots
|D18O|(dark-bright) across the same time period. The red dotted lines indicate the difference between the running averages of dark and bright d18O
analyses. In panel B, the heavy dashed line illustrates an interesting pattern of |D18O| variability at the onset and termination of the Younger Dryas
(see text for discussion). The corresponding CLFM images from sample 2N are stitched together above the graphs and the shaded boxes indicate
corresponding portions of the d18O record. The white arrows in the CLFM images show the location of banding discontinuities.

I.J. Orland et al. / Geochimica et Cosmochimica Acta 89 (2012) 240–255 249



250 I.J. Orland et al. / Geochimica et Cosmochimica Acta 89 (2012) 240–255
of enhanced westerlies that cause rainfall over the entire
Mediterranean (Kallel et al., 1997) and increased freshwater
runoff from the Nile into the EM as a result of the orbitally
driven African Monsoon (Marino et al., 2008).

Second, there is an interesting isotopic change across
Sapropel event 1 (S1, 8.5–7.0 ka; Bar-Matthews et al.,
2000), which is identified in other Soreq speleothems
(Bar-Matthews et al., 1999, 2000) and highlighted in Figs. 3
and 5A. S1 is defined stratigraphically by anoxic marine
sediments that form as a result of Nile runoff and increased
EM density stratification (Rossignol-Strick et al., 1982; De
Lange et al., 2008). Hence, lower d18O values are expected
in Soreq speleothems. Indeed, there is an excursion of d18O
analyses in bright calcite to lower values, but d18O values of
dark “baseline” calcite remain relatively unchanged. As a
result, |D18O| values are larger during S1 with a peak at
8.3 ka. Although the increase in |D18O| values across this
time period agrees with the interpretation that S1 is a wet
period at Soreq (Bar-Matthews et al., 2000), it is curious
that the dark baseline d18O values do not change. The con-
sistent d18O values in dark domains suggest that either: (1)
the residence time of baseline vadose groundwater is long
enough that deluge events during S1 winters do not perturb
d18O values of summer dripwater; (2) Rayleigh distillation
increases the d18O of summer rainfall to balance the d18O
decrease of EM source water; (3) the d18O value of source
water did not decrease significantly due to freshwater input
from the Nile; or (4) sample 2N does not fully record S1.
The number and length of growth hiatuses in this section
of the sample are unknown; although the pattern of d18O
values across this section of the speleothem may be repre-
sentative of the entire S1 event, it is possible that sample
2N only records a portion of the S1 event. We can pin
the location of S1 in sample 2N if future ion probe analysis
of d13C identifies the large, positive d13C excursion that is
reported in other Soreq speleothems (Bar-Matthews et al.,
2000).

4.2.2. The Younger Dryas

Prior to 10.5 ka, both the fluorescent banding patterns
and |D18O| values in sample 2N are consistently different
than in the Holocene. Qualitative observation of CLFM
imaging from the YD, the duration of which is inferred
from d18O values shown in Fig. 5B, indicates that the
majority of bands have sinusoidal fluorescence intensity.
Notably, the scarcity of measurable |D18O| values from
the height of the YD is due to narrow banding; reliable
paired analyses of d18O within individual bands during
the YD are rare in sample 2N. The onset and termination
of the YD event are characterized in sample 2N with wider
fluorescent banding, and thus, reliable |D18O| analyses.

The onset of the YD is marked by a decrease in |D18O|
values (Fig. 5B). Although there are few |D18O| measure-
ments from the height of the YD, the convergence of the
running averages of bright and dark d18O analyses (dotted
line, Fig. 5B) suggests |D18O| is low during this period. In
combination with the sinusoidal fluorescence pattern of
the YD, the transition to low |D18O| values may indicate a
decrease in seasonality and reduced annual rainfall. Colder
conditions year-round during the YD (Denton et al., 2005;
Almogi-Labin et al., 2009) could reduce evaporation-in-
duced fractionation of rainwater and shallow groundwater,
thus lowering |D18O|. Furthermore, since cooler conditions
would reduce organic decomposition rates in the soil
(Davidson and Janssens, 2006) and widen the temporal
window of organic acid production in the overlying soil,
the sinusoidal fluorescent banding pattern is likely caused
by a more consistent year-round supply of dripwater to
the cave. While the narrow bands and reduced |D18O| values
in sample 2N point to lower annual rainfall totals during
the YD, we cannot make a quantitative estimate of annual
rainfall for this period.

The pollen records that were briefly discussed in the
introduction indicate that YD vegetation in the EM is not
only different from that in the Holocene, but also suggest
a more arid regional climate. This agrees with our hypo-
thetical explanation of YD seasonal climate and provides
another potential cause for the sinusoidal fluorescent band-
ing pattern. Perhaps decomposition of the herbaceous veg-
etation of the YD (Hajar et al., 2008) produces different
types or amounts of organic acids in a different seasonal
time window. For now, however, we prefer the reduced sea-
sonality explanation for sinusoidal fluorescent banding
since it better explains the combined fluorescence and isoto-
pic results.

Fig. 5B illustrates that sample 2N records the YD termi-
nation in two stages. First, there is a period (“bright termi-
nation”) where the d18O values of bright calcite decrease
�2& while dark calcite d18O is relatively unchanged. This
first stage causes a steady increase in maximum |D18O| val-
ues, mirroring the gradual decrease at the YD onset (see
dashed line, Fig. 5B). In the second stage (“dark delay”),
dark calcite d18O values remain high while bright calcite
d18O values remain low. Near the end of the second stage,
the d18O value of dark calcite abruptly reduces by �1.5&

so that both bright and dark calcite d18O have approached
their approximate Holocene values. The delayed response
of dark band d18O values fits with the interpretation of Sor-
eq Cave hydrology (Orland et al., 2009). The integrated
“baseline” d18O value of vadose groundwater is represented
by dark calcite growth and lags the surface-driven signal re-
corded in bright calcite. We interpret that a combination of
rapid reduction of EM surface water d18O values and in-
creased seasonal rainfall drives the large drop in bright
d18O values, and the residence time of the vadose zone pre-
vents an immediate response of dark d18O values. It is un-
clear why a similar delay is not observed at the onset of the
YD.

We highlight two further observations from the CLFM
imaging in Fig. 5B: (1) the pattern of banding across the
YD termination, and (2) the number of bands across the
termination. Following the duration of the YD, where fluo-
rescent bands are closely spaced with subtle fluorescence
gradients, bands become wider and brighter at the termina-
tion. This suggests that the termination was a period of sig-
nificant, rapid climatic change and that the coincident shift
in d18O values does not just reflect a shift in the d18O value
of the rainwater source (i.e., EM surface waters).

We estimate a minimum duration of the YD termination
in the EM by counting the number of fluorescent bands
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across the d18O gradients identified by ion microprobe anal-
ysis. Across the first stage, “bright termination”, there are
12 fluorescent bright-dark couplets following an apparent
discontinuity. Thus, at a minimum (assuming no hiatuses
or years of little growth during this stage), the full passage
of the YD termination as reflected in EM rainfall took
place over 12 years. This time span is consistent with other
climate proxies that constrain environmental responses to
the YD termination to a decadal scale (Taylor et al.,
1997; Severinghaus et al., 1998; Steffensen et al., 2008).
Across the second stage, “dark delay”, there are 10 more
fluorescent bright-dark couplets that represent the extra
time required to complete the isotopic shift in dripwaters
that reached sample 2N.

4.2.3. Heinrich event 1 and last glacial period

Prior to 15 ka, D18O values are different from those in
the Holocene and YD in two important ways: first, the
mean of |D18O| values is higher, and second, “reversal” of
the fluorescent banding pattern is common and results in
negative values of D18O (open circles and open triangles
in Fig. 3B). These differences in |D18O| and fluorescent
banding must be due to environmental changes, which are
hypothesized below.

Before 15 ka, the mean value of |D18O| is 1.0 with a stan-
dard deviation of 0.6; after the YD event, the mean value of
|D18O| decreases to 0.7 with a standard deviation of 0.4. A
student t-test suggests that we can reject the null hypothesis
(that populations have equivalent mean values) with >99%
confidence. Further, a Kolmogorov-Smirnov test indicates
that the cumulative distributions of each population differ
significantly, with >98% confidence.

One possible cause of higher mean |D18O| values before
15 ka is a more intense seasonal rainfall gradient; wetter
wet seasons (with lower d18O values) would cause larger
|D18O| values. Similarly, a pulse of spring meltwater in peri-
ods with winter snowfall would introduce lower d18O values
to the cave, resulting in increased |D18O| values. Consider an-
other scenario however, where rainfall persists year-round
and there is no discernable dry season or baseline dripwater
d18O value. Increased rainfall during warm months, when
d18O(rain) is higher than in winter months, would cause a
wider annual range of dripwater d18O and thus, larger
|D18O| values. Therefore, in order to identify the most likely
climatic interpretation of higher |D18O| values, we must con-
sider the reversal in fluorescent banding pattern.

Here, we examine four hypothetical environmental
causes for the “reversed” fluorescent banding patterns
(Figs. 2C, 2D) before 15 ka. (1) A change in the relative
timing of the wet season and the production of organic
acids above the cave might cause the organic acids to ap-
pear in a different location in the growth band. (2) A re-
duced gradient of annual rainfall amount (i.e. less distinct
wet and dry seasons) could change the timing of organic
acid delivery into the cave. (3) Snowfall during H1 and
YD winters might delay delivery of organic-poor dripwa-
ters each year until spring melt, causing a sharp onset of
dark calcite. (4) A change in the dominant type or amount
of vegetation could alter the type and timing of organic acid
production and the resultant fluorescent banding.
The first suggestion (hypothesis #1) is that given bimo-
dal wet and dry seasons, a change in the timing of wet sea-
son rainfall events relative to the production of organic
acids would change the pattern of fluorescence relative to
the d18O value of calcite. Although such a scenario seems
possible, it is unrealistic since the wet season determines
the timing of the growing season. As long as low-d18O rain-
fall is coincident with wet seasons that flush accumulated
organic acids into the cave, then low d18O calcite will have
bright fluorescence.

The second suggestion (hypothesis #2) is that a reduced
gradient of annual rainfall may contribute to the shift in the
timing of fluorescence delivery relative to the observed d18O
gradient. Even with lower annual rainfall totals than in the
Holocene, it is conceivable that relatively consistent year-
round rainfall would result in organic acids being delivered
to the cave as they are produced rather than after accumu-
lating during a dry season (as in the Holocene). Although
year-round rainfall would probably not cause sharp fluores-
cent boundaries (as in Fig. 2C), such a scenario could result
in the “reversed” sinusoidal pattern of fluorescence inten-
sity illustrated in Fig. 2D. Furthermore, given consistent
year-round rainfall, we would anticipate a plot of d18O
vs. D18O to show no evidence of the consistent baseline
d18O values observed in Holocene growth (Fig. 4). Indeed,
for “reversed sinusoidal” (Fig. 2D) bands between 34 and
15 ka there is not a consistent d18O baseline (Fig. EA-
7D). Therefore, a reduced gradient of seasonal rainfall
may cause the “reversed sinusoidal” bands. But what about
the “reversed sawtooth” (Fig. 2C) bands, which exhibit a
d18O baseline in bright calcite (Fig. EA-7C)?

If snow cover and frozen ground persisted through the
winter above Soreq Cave (hypothesis #3) this would reduce
or stop both water flow and organic decomposition above
the cave during the season that presently has the highest
drip rates and forms bright calcite. The melting of snow
in spring would then contribute a large amount of low-
d18O water to the cave. If late fall rains removed organic
acids from overlying groundwaters, then the snowmelt
would contain few organic acids. This scenario would ac-
count for the sharp onset of dark calcite. Bands with a
sharp onset of dark fluorescence occur during the cold gla-
cial period and H1 event, when snowfall was possible.

A change in vegetation (#4) is another hypothesized
cause of the fluorescence reversal. Perhaps different plant
species delivered a distinct suite of organics to the soil be-
fore 15 ka, or perhaps the same organics were delivered
on an alternate schedule. At present, d13C values provide
the only record of vegetation changes measured in Soreq
speleothems; given the assumption of isotopic equilibrium
in Soreq samples, there would be a notable signal in d13C
values if a shift in the ratio of C3- and C4-type plants oc-
curred. Conventional analyses of d13C in Soreq speleothems
(Bar-Matthews et al., 1997) show that vegetation changes
gradually from a mix of C3 and C4 plants during glacial
periods to C3-dominated interglacial periods. This gradual
change does not fit the discreet difference in banding pat-
terns before and after 15 ka. If the plant population were
to change abruptly without altering the C3/C4 ratio, how-
ever, isotopic data alone would not distinguish the shifting
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ecosystem. Langgut et al. (2011) offer the most reliable re-
gional pollen record across the deglaciation. Interestingly,
they document a more rapid change to temperate vegeta-
tion than indicated by Soreq d13C measurements. Going
forward, one way to resolve this discrepancy – albeit at
low resolution – might be by direct analysis of lipid com-
pounds in sample 2N (e.g., Rushdi et al., 2011).

It is evident that, independent of other regional paleocli-
mate records, the fluorescence reversal represents a regional
climatic response. We suggest that “reversed sinusoidal”
fluorescent bands (Fig. 2D) during H1 may indicate a year-
round supply of dripwater to the upper soil column and cave.
Furthermore, bands with “reversed sawtooth” fluorescence
(Fig. 2C), most common during the H1 event, may indicate
spring snowmelt. Future work will determine if vegetation
changes play a role in the fluorescent banding reversals.
For now, we look to test our interpretations with evidence
from other regional and global environmental proxies.

Denton et al. (2010) compile prior work (including
Crowley, 1992; Broecker, 1998; Clark et al., 2004; Wang
et al., 2006; Toggweiler et al., 2006; Anderson et al., 2009;
Cheng et al., 2009) and present an intriguing global-scale
model of the last deglaciation from which we can infer sea-
sonality in the EM. In this model, glacial meltwater input to
the North Atlantic slows Atlantic Meridional Overturning
Circulation, causes the H1 and YD stadials, and induces
the spread of winter sea ice in the North Atlantic and severe
winters in the Northern Hemisphere. Reduced heat trans-
port to the Northern Hemisphere, a result of the bipolar
seesaw (Broecker, 1998), causes the Intertropical Conver-
gence Zone to shift south, which in turn moves atmospheric
circulation cells, including the westerlies in both hemi-
spheres, to the south. In the Afro-Asian monsoon region,
these changes result in widespread drought during H1
(Stager et al., 2011). In the EM, shifting the Northern
Hemisphere westerlies to the south during the H1 and
YD events could move these winds and their characteristic
weather systems over Soreq Cave and bring moisture to the
region on a year-round basis. The sinusoidal fluorescence in
sample 2N during both the H1 and YD may indicate year-
round rainfall, but it is important to note that this scenario
could still result in less total annual rainfall than during the
Bølling–Allerød or Holocene. Our snowmelt explanation
for bands with “reversed sawtooth” fluorescence (Fig. 2C)
also fits the Denton et al. model, although the increased
occurrence of this band pattern before 15 ka suggests H1
winters above Soreq had more snowfall than YD winters.

Although it is instructive to test our climate hypotheses
against a simplified explanation of the Denton et al. (2010)
model, we acknowledge the need for more rigorous tests.
Other regional paleoclimate proxies, including both Dead
Sea level and pollen records, can potentially contribute to
these tests. Drawbacks with these alternative proxies, how-
ever, confound any strong conclusions at this time. Ongoing
analysis of trace elements in sample 2N will provide more
information to evaluate on both millennial and sub-annual
timescales, and may further explain hydrologic and vegeta-
tion changes. Finally, examining isotope-enabled climate
simulations (Schmidt et al., 2007; LeGrande and Schmidt,
2008; Tierney et al., 2011) of the last deglaciation at seasonal
resolution may provide additional constraints for our sea-
sonal climate hypotheses, the interpretation of EM climate
proxies, and the mechanisms that drive EM climate change.

5. CONCLUSIONS

This study presents the first detailed record of seasonal-
scale environmental information from a speleothem that
grew during the last deglaciation. The combination of
10 lm-diameter spot analyses of d18O by ion microprobe
and CLFM imaging allows for the study of sub-domains of
individual annual growth bands. The large data set provides
new constraints for interpreting climate change at the sub-an-
nual scale. This high-resolution analytical method is ideal for
examining both rapid climate change events (e.g., Younger
Dryas termination) as well as seasonal climate differences be-
tween broad time slices (e.g., Younger Dryas vs. Holocene).

High-precision ion microprobe analyses of d18O (0.3&,
2 s.d., 10 lm-diameter spot) in samples 2N (34–4 ka) and
2-6 (2.2–0.9 ka) show regular fluctuations across fluorescent
bands that record seasonal rainfall variability. Calculated
values of |D18O|, the magnitude of the d18O difference within
individual annual growth bands, indicate the seasonal
character of rainfall. The fluorescent patterns of individual
growth bands contribute further to paleoclimate
interpretations:

(1) In the Holocene, the ubiquitous sawtooth pattern of
both d18O and fluorescence variability (Fig. 2A) indi-
cates that the modern seasonal regime of wet winters
and dry summers has been consistent since 10.5 ka.
Smaller |D18O| values indicate dryer years.

(2) Small values of |D18O| and narrow banding indicate
that climate during the Younger Dryas may have been
drier than during the Holocene. Sinusoidal intensity
of fluorescent banding, however, suggests that drip-
water supply from the overlying soil column was more
consistent throughout the year than in the Holocene.

(3) The isotope record of the YD termination in sample
2N occurs in multiple stages, which supports the
interpretation of cave hydrology presented by Orland
et al. (2009). Band-counting across the Younger
Dryas termination, constrained by the in situ d18O
data, gives a minimum estimate of 12 years for the
isotope shift associated with the hemisphere-wide
rapid warming event.

(4) The Heinrich 1 event is characterized by a regular
reversal in the fluorescent banding pattern (i.e.
dark-before-bright banding) relative to that in the
Holocene. Furthermore, the mean |D18O| value dur-
ing this period is higher than during the YD and
Holocene. Decreased seasonal rainfall gradients, reg-
ular snow cover, and different overlying vegetation
are proposed as possible causes for these observa-
tions. The banding patterns and |D18O| values indi-
cate that the modern amount effect – an empirical
relationship of annual rainfall d18O value to rainfall
amount – is unreliable when applied to Soreq Cave
speleothems during either Heinrich 1 or the last
glacial period.



I.J. Orland et al. / Geochimica et Cosmochimica Acta 89 (2012) 240–255 253
(5) The fluorescent banding and |D18O| values during the
last glacial stadial are most similar to that during
Heinrich 1, suggesting comparable climate.
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