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ABSTRACT

Reconstructing past climatic conditions in arid and hot environments is challenging due to a
scarcity of climate archives. However, this task is crucial for assessing the sensitivity of these
areas to climate change. The lack of reliable proxies currently prevents precise and absolute
temperature and moisture reconstructions. Clumped isotopes on sabkha calcite might alleviate
this situation. In this study, we apply the clumped isotope technique (A47) to both modern and
Middle Miocene fossil sabkha samples and we report temperatures between 26.2+5.4 to
33.6£6.3°C. Our results suggest that sabkha calcite-aragonite minerals primarily reflect
summer half-year temperatures, corresponding to the dry season when most calcite-aragonite
precipitation occurs in these environments. Reconstructed 3'8Owater Values range between
3.2+0.9 and 5.3+0.8%o., scaling with the intensity of evaporation in these intertidal, supratidal
and lagoonal settings. Despite higher atmospheric CO:2 levels during the Middle Miocene,

reconstructed temperatures are similar to modern ones, suggesting a reduced climate sensitivity
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at low latitude. Overall, sabkha clumped isotopes offer a valuable tool for bridging the
latitudinal gap in continental paleotemperature reconstructions near the horse latitudes.
INTRODUCTION

The high latitudes cool and warm markedly more rapidly than the low latitudes under the
influence of global climate change. This phenomenon was dubbed “Polar Amplification” by
Budyko (1969). The amplification of high-latitude climate change is often associated with
changes in albedo due to loss of ice and snow coverage (Kirtman et al., 2014). But the gradient
is also sustained by the separation of air circulation between the high and lower latitudes by
the jet stream, which degrades under a lower latitudinal gradient (Stendel et al., 2021).
Warming in the lower latitudes thus exerts a feedback mechanism through a more efficient
latitudinal redistribution of heat. Yet, the limited knowledge on the response of low-latitude
climates to global warming is hampering a full quantification of this feedback mechanism. This
knowledge gap is chiefly caused by a combination of under-sampling and a limited availability
of climate archives in hot and dry environments (Nelson et al., 2023). Moreover, our current
ability to reconstruct continental paleotemperatures in semi-arid environments is also hindered

by the lack of reliable proxies in potential climate archives.

While terrestrial carbonate archives in arid and hot regions are rare due to precipitation scarcity
and the absence of large water bodies, sabkha environments might contain useful paleoclimate
indicators. Sabkha denotes a coastal, supratidal or upper intertidal mudflat or sandflat shaped
by semiarid to arid climates, where evaporitic minerals such as gypsum, halite, anhydrite and
calcite accumulate (Warren and Kendall, 1985). Today, they are found at the horse latitudes
(i.e., between ca. 30 and 35 degrees north and south of the equator) but looking back in geologic
history, these regions may have covered a larger land surface area. Here, we highlight the

potential of carbonate-bearing sediments, accumulated in sabkha environments, as unique
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archives to reconstruct past atmospheric conditions: specifically, dry-season air temperature.
Paleoclimate data extracted from sabkha deposits can thus enhance paleoclimate
reconstructions within the horse latitudes, while also facilitate more comprehensive

comparisons between proxy data and general circulation model (GCM) outputs.

The assimilation of paleoclimate reconstructions from proxies and climate models provides a
mean to bring down uncertainties (Judd et al., 2024). The Miocene is an epoch of global
warmth with CO2 concentrations ranging from 300 to 600 ppm (Sosdian et al., 2018). Previous
proxy-based Miocene paleoclimate studies have already suggested a less pronounced
latitudinal temperature gradient (Steinthorsdottir et al. 2020). Yet, in order to validate climate
modelling, it is crucial to have more abundant and especially accurate absolute temperature

reconstructions.

Carbonate clumped-isotopes (A47) are useful to reconstruct paleotemperatures and hydrologic
conditions in both marine and terrestrial archives (Eiler, 2007). The abundance of *C—80
bonds within carbonate minerals is temperature-dependent and independent of the isotopic
composition of the water if which the carbonate formed. If carbonates precipitated at isotopic
equilibrium, unified A4z calibrations can be used to calculate absolute water temperatures
(Anderson et al., 2021 and Daéron and Vermeesch, 2024), as well as to reconstruct the isotopic
composition of the water (5¥0w). Non-equilibrium carbonate can be detected with and

corrected for with additional A4s measurements (Fiebig et al., 2021)

To date, sabkha carbonates have been employed for clumped-isotope paleothermometry in only
a handful of studies. These studies primarily pertain to the reconstruction of burial histories

and dolomitization, yielding first indications that evaporitic carbonates precipitate at
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equilibrium (Bergmann et al., 2018, Sena et al., 2014, Abbott et al., 2013). However, the timing
of carbonate precipitation, and consequently the temperature recorded by sabkha sediments
remain open questions that are fundamental to the use of sabkha as a paleoclimatic indicator.
Here, we present new A4z analyses from modern sabkha carbonates (Yas Lagoon, United Arab
Emirates) and Miocene sabkha carbonates (IODP Hole U1464C, North West Australian Shelf).
These results corroborate earlier findings (Bergmann et al., 2018, Sena et al., 2014, Abbott et
al., 2013) that sabkha calcite precipitate at equilibrium and seem to suggest that sabkha
clumped isotope temperatures represent summer half-year temperatures in these hot and arid
environments. Reconstructed middle-Miocene temperatures confirm a lower climate
amplification at low latitude and average summer half-year temperature close to the present

ones.
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1464-29-2

1464-22-2

Figure 1: Geographical position of the collected samples: A, B, in Yas lagoon (Abu Dhabi,
United Arab Emirate) (A, map modified from GeoMapApp 3.7.2 http://www.geomapapp.org
and Ryan et al., 2009) C, of the U1464 core from the IODP expedition 365 (North West
Australian Shelf) (Middle Miocene map from Kocsis & Scotese, 2023). In D pictures of the

U1464 core and sampling locations.



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

MATERIALS AND METHODS

Sabkha samples

Miocene Sabkha — North West Australian Shelf

Three fossil sabkha samples come from International Ocean Discovery Program (IODP) Site
U1464 (18°04'S, 118°38’E, Roebuck Basin), cored at a present-day water depth of 270 m water
depth (Gallagher et al., 2015). Middle and Late Miocene sediments were deposited in a
shallow-marine and, possibly, subaerial environment. The latter is characterized by tide-
laminated sediments and evaporitic nodules that indicate arid conditions (Groeneveld et al.,
2017). Laminated organic-rich layers, gypsum nodules, and anhydrite nodules with
chickenwire textures delineate the most arid sabkha-like interval of the succession (Groeneveld
etal., 2017). Here, we analyze three samples from this interval (571.2, 552.49 and 552.28 mbsf,
~12 - 13 Ma). These samples were previously mineralogically investigated by Petrick et al.
(2019).

Modern Sabkha - Yas Lagoon

Modern sabkha samples were collected in the Yas Lagoon (24°30’N 54°36’E) in Abu Dhabi
from the sabkha’s algal mat surface (Figure 1). The lagoon is connected to the Persian Gulf
by tidal channels and does not have a riverine influx, however, seasonal floods have been
observed (Terry et al., 2023). The area experiences semi-diurnal tidal cycles, resulting in two
high tides and two low tides daily, with a tidal range of 1-2 meters (Pederson et al., 2021). Yas
Lagoon is a highly restricted inner lagoon with a salinity range from 42 to 48%., a mean pH of
8.05, seawater 3Cpic between 1 and -2%o, and 80w between 2.2 and 3.7%. during winter
(Pederson et al., 2021) while during summer 580w can reach values of 5.36%. (Mckenzie,
1980). Because of the high evaporation rate during spring-summer, these parameters are
expected to be highly variable during the year. The present-day climate of the area is

summarized in Figure 2 and described in Lokier & Fiorini (2016).
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Sample treatment and measurements

Prior to analysis, all samples underwent a cleansing procedure to dissolve evaporitic minerals
(halite, gypsum, and anhydrite). Pulverized sample material was mixed with deionized water,
underwent centrifugation, and then the water was carefully pipetted off. This process was
repeated three times to ensure the complete removal of all evaporitic minerals.

Subsequently, samples and standards were measured on a Kiel IV carbonate device with a
Thermo Fisher MAT 253 operating in LIDI workflow at Utrecht University between August
and October 2023. Samples were run in a one-to-one ratio with ETH-1, ETH-2 and ETH-3
standards (Bernasconi et al., 2021). Carbonate powder was dissolved at 70°C in 105%
phosphoric acid (HsPO4 + H4P207). The CO2 produced in the reaction was then purified
through two cryogenic (-170°C) traps and a Porapak trap (Meckler et al., 2014) kept at -40°C
to -50°C.

We specifically target sabkha calcite-aragonite for clumped isotope analysis, even though some
samples were calcite-dolomite mixtures (see supplementary material). Therefore, the sample
carbonate powder amount required for analysis was calculated based on the XRD-derived
calcite-aragonite content (Table 1). For the samples analyzed here, sample weights ranged from
180 to 480 pg (Figure S1). The reaction time of 8 minutes was chosen to ensure that the vast
majority of the CO2 produced, during this time, originated from calcite-aragonite rather than
dolomite present in the fossil record. This assumption was verified by monitoring the CO:2
pressure in the bellows, which was usually within the expected range given the sample weight
and calcite concentration. This monitoring ensured that the released gas was primarily derived
from calcite, not dolomite (see Figure S1). Hence, the derived temperatures correspond to those
at the time of the primary calcite and aragonite precipitation.

Data processing is further detailed in the supplementary material.
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RESULTS AND DISCUSSION

Modern sabkha A47 measurements from the Yas Lagoon yield temperatures of 33.6 + 6.3°C,
33.1£6.2°C and 26.2 + 5.4°C (26 uncertainties, Table 1). These temperatures were
calculated using the universal calibration of Anderson et al. (2021). The first two
temperatures are remarkably similar, while the latter is significantly cooler, though still
overlapping within their 26 margins of error. Throughout the year, air temperatures in Abu
Dhabi range from a mean minimum air temperature of 15.0°C in January to a mean
maximum temperature of 40.7°C in August (Fig. 2), with an annual average of 26.8°C.
Hence, it appears that the sabkha A47-T are too hot to reflect mean annual average
temperature. Instead, the sabkha A7 temperatures correspond remarkably well with summer
half-year temperatures in the area, averaging from 27.3 — 35.3° (Figure 2). These summer
half-year temperatures are also in agreement with the monitored temperature at Yas lagoon
itself by Lockier (2012). The interpretation of the sabkha A47 measurements as summer half-
year temperatures is corroborated by sedimentological observations: These indicate that
sabkhas carbonate minerals (biological/chemical) predominantly accumulate during the hot
and dry season. In this part of the year, increased water evaporation rates facilitate enhanced

mineral deposition (Lockier 2012).

Mid-to-Late Miocene sabkha samples from the North West Australian Shelf (IODP site
U1464) yield As7-Temperatures of 28.9 £ 6.3°C, 31.7 £ 4.9 and 32.7 £ 4.9°C (Table 1). These
three temperatures are remarkably consistent and in the same range as the modern sabkha A4z
measurements. As the modern sabkha A4z temperatures were interpreted as summer half-year
temperatures, we assume a similar relationship for the Miocene samples. This interpretation
is corroborated by a compilation of Miocene GCM simulations (Fig. 3). The compilation

presented here, combines summer half-year temperatures (for the respective hemisphere)
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from the 36 model simulations in MioMIP (Burls et al., 2021) for a Middle or Late Miocene
continental configuration, complemented by the three model simulation in Sarr et al. (2022).
These 39 model simulations cover a vast range of atmospheric CO2 configurations from pre-
industrial 280 to 850 ppm COz2. This wide range of CO2 forcing in the model simulations
reflects the current uncertainty on Miocene pCO2 concentrations, as well as its marked
decrease from the Middle to the Late Miocene: Rae et al. (2021) reports proxy-based CO2
reconstructions between 400 — 600 ppm. Notably, our three Middle Miocene sabkha-derived
Aa7-temperatures fit best with summer half-year temperatures from simulations with 350-450

ppm COz2 (Figure 3).

Our observation that fossil and modern are characterized by rather similar sabkha summer
half-year temperatures raise questions about the sensitivity of low-latitude environments to
climate change. Despite significantly different atmospheric CO: levels between modern time
and the Mid-to-Late Miocene, sabkha-derived As7-summer-half-year temperatures seem to
have remained rather similar, around 31°C. This apparently similar sabkha temperatures
between the Miocene and the recent contrast with the results of Hossain et al. (2023), who
estimated Miocene global mean surface temperatures to be 3.1°C warmer in the Miocene, at
CO:z2 levels of 450ppm. These lines of evidence suggest that the low latitudes were not
significantly warmer compared to modern temperatures during the mid-to-late Miocene, even
though the high latitudes were significantly warmer with ice-free summers in the Arctic
(Stein et al., 2016). Another line of evidence for polar amplification and low-latitude
attenuation of climate change is found in Herbert et al. (2016), who reported that global
cooling during the Late Miocene was more pronounced in the high latitudes compared to the
low latitudes, even though Us7X" sea surface temperature proxy cannot records temperatures

above 28°C.
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Besides temperatures, we also infer the isotopic composition of the fluid from which sabkha
formed (5 '80w) by feeding measured & Ocaicite and A4z temperatures into the equation of Kim
and O’Neal (1997). The reconstructed Mid-to-Late Miocene 880w values (+3.2+0.9%o to
+3.9+0.6%0) are within the expected range for an evaporative environment. For the modern
sabkha samples, the calculated values range between +3.7£0.8 and +5.3£0.8%o (Tab. 1). These
values are significantly heavier than in-situ direct measurements of 580w values of water on
the present-day Yas Lagoon sabkha (+2.2 to +3.7%.). However, we note that the present-day
in-situ measurements were taken in the cool and wet season (Pederson et al., 2021), whereas
we suggest the As7-based 5180w reconstructions to represent the warm and dry season. In other
words, the heavier § 180w isotopic compositions provide further support for our interpretation
of clumped isotope temperatures as hot season temperatures. As calcite predominantly
precipitated during the summer season, and with our samples originating from the most
restricted part of the lagoon, calcite-derived clumped isotope temperatures likely reflect hot-

season conditions with more strongly isotopically fractionated sabkha waters.

The calcite 6'3C and 80 values of modern and fossil sabkha samples (Table 1) are in the
range of modern environment values (Pederson et al., 2021) confirming that the recorded

temperatures and 380w refer to the precipitation of primary calcite.
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Table 1: Classic (8*0 and §'3C) and clumped isotope results (A47). Calcite-aragonite content

was measured with X-Ray Diffraction (XRD, Petrick et al., 2019 for Miocene samples).

Summer half-year (from April to September) temperature (https://en.climate-data.org). Aa7

temperatures are calculated using the unified calibration of Anderson et al., 2021, results are

reported at 1SE. 880w values were derived using the equation of Kim and O’Neal, (1997).
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242  Figure 2: A47-derived water temperatures of modern sabkha carbonates (right) align
243  average summer half-year air temperatures in Abu Dhabi (climate graph from climate-
244  data.org), with present-day average summer temperatures between 28 — 35°C from this study
245  and from Muller et al., 2019.
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Figure 3: A47-derived water temperatures of Middle Miocene sabkha carbonates from
IODP Site U1464 (orange-brown) align with modelled summer half-year air temperatures in
general circulation simulations with a Middle or Late Miocene configuration (39 model runs

from MioMIP Burls et al., 2021 and Sarr et al., 2022).
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CONCLUSION

Our results indicate that Mid-to-Late Miocene continental paleotemperatures at the horse
latitudes were comparable to present-day conditions at similar low latitudes. This suggests that
most of the changes in the global heat budget between the Miocene coolhouse and the present-
day icehouse occurred in the mid to high latitudes. In other words, we found a low-latitude
attenuation-in contrast to the well-documented polar amplification- of climate change.

Both modern and fossil mid-to-middle Miocene sabkha samples recorded temperatures higher
than the annual air average, indicating prevalent calcite precipitation during the hottest and
driest months. The reconstructed isotopic composition of the water (§'80w) suggests isotopic
enrichment typical of environments with high evaporation rate.

Clumped isotopes, measured on sabkha calcite, can be used as proxy to reconstruct continental
summer half-year temperatures in hot and arid environments. This approach has the potential
to fill in a gap, as permanent waterbodies are very rare in the horse latitudes, and hence

continental paleoclimate archives are rare as well.
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SUPPLEMENTARY MATERIAL

1. DATA PROCESSING

Outliers were removed from the dataset if they met one of the following criteria:
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1. The intensity of the sample gas in the mass spectrometer was outside the 10 — 25 kV
range.

2. The intensity on mass 49 (which is rare in natural CO2 gases), measured as the 49/44
mass ratio relative to the working gas, exceeded 0.01%o, indicating contamination in
the sample.

3. The standard deviation between A4z values calculated from different CO2 pulses from
the same sample (internal standard deviation) exceeded 0.1%o.

4. The As7, $'80¢ or 81C values measured in standard reference materials deviated

significantly (>3 standard deviations) from their accepted values.

Standards and samples meeting these criteria were not considered for further analysis. Datasets
from different instruments (MAT253 vs MAT253 Plus) and using different methods (LIDI vs
"click-clack™) were separately corrected for long-term drift by plotting the offset of standard
measurements from their accepted values over time and applying a loess filter to identify
trends. After correction, the external standard deviation on A47, §80c¢ or §13C values was
calculated separately per instrument dataset from the independent IAEA-C2 and Merck
standards before merging the datasets from both instruments.

Following the calcite-aragonite acid fractionation from Kim et al. (2007), the maximum
difference between the end members of our dataset is 0.4%o. Since this value does not
significantly impact our results, we conclude that no correction for acid fractionation of 30O
is necessary. Regarding the A4z values, one sample (MM1) consists of 48% calcite and contains
no aragonite. The §'80c of this sample is 1.78%o, while two other samples (MM2 and TFM),
composed of approximately 70% aragonite and 20% calcite, have §'80c¢ values of 1.49%o and
1.08%o, respectively. According to Defliese and Lohmann (2015), if the difference in 6'8Oc
between samples made of 100% calcite and 100% aragonite is less than 2%, there is no impact

on As7 values. Therefore, we conclude that no correction is needed for our As7 values.
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432  Figure S1: Comparison between sample calcite content, sample aliquote weight and sample

433  44-intensity. The sample 44-intenstity is usually within the expected range given the sample

434 weight and calcite concentration. This ensured that the analysed gas is primarly derived from
435  calcite and not dolomite.
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453  Figure 2: Results of the XRD analyses of sample MM-1 (A), MM-2 (B) and TFM-1 (C)
454
455  Table 1: XRD results

Sample N° Compound name Displacement Scale Factor RIR SemiQuant
Name [02Th.] [%]
MM-1 1 Calcite magnesian 0,048 0,434 3,050 48

2 Quartz $GA, syn -0,025 0,425 3,270 44

3 Quartz 0,009 0,094 3,590 9
MM-2

1 Aragonite -0,019 1,115 1,140 72

2 Calcite 0,026 0,641 3,150 15

3 Quartz -0,076 0,616 3,590 13
TFEM-1

1 Aragonite 0,087 0,933 1,140 74

2 Magnesium calcite, syn 0,053 0,688 3,120 20

3 Cristobalite low, syn 0,032 0,338 5,020 6
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