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A B S T R A C T   

Cave deposits can be valuable sources of paleoclimate data, especially when atmospheric circulation patterns, 
precipitation variability, vegetation changes, and the chemical evolution of waters moving through the karst 
environment can be mechanistically linked to speleothem proxies. In particular, an evaluation of the factors that 
control the isotopic composition of precipitation and the evolution of rainwater during migration from the land 
surface to the cave are needed to robustly develop speleothems as hydroclimate-sensitive proxies. One area in 
which precipitation and atmospheric variability are closely linked is western Iberia, where rainfall is strongly 
influenced by the Azores High, part of the North Atlantic Oscillation (NAO) dipole. Therefore, in order to better 
characterize the factors that influence the isotopic composition of precipitation in Portugal and to evaluate the 
potential of using stalagmites from this region as hydroclimate (and NAO-sensitive) proxies, we investigated 
Global Network of Isotopes in Precipitation (GNIP) data from ten mainland Portugal sites spanning multiple 
decades. In addition, we use more than one hydrologic year of precipitation amount and isotope data from 
Buraca Gloriosa (BG), a cave in western Portugal, the site of on-going speleothem analyses, as well as six years of 
environmental monitoring from BG. We present an integrated analysis of rainfall and vegetation through the 
normalized difference vegetation index (NDVI) following extremely wet and dry winters. Summer vegetation 
density, related to the amount of precipitation in the preceding winter wet season, as well as prior calcite pre
cipitation (PCP), would largely control the stable carbon isotopic signature (δ13C) in stalagmites at BG. Cool 
season recharge is likely the dominant factor for the oxygen isotopic composition (δ18O) of water percolating 
through the cave system, while amount effects exert the primary control on precipitation δ18O values. Based on 
HYSPLIT modeling, moisture sources overwhelmingly originate from the Atlantic Ocean as opposed to the 
Mediterranean or elsewhere; thus, variability in δ18O values in the precipitation (and, thus, by inference, those of 
the dripwater and stalagmites) are primarily reflecting changes in precipitation amount and not changing 
temperatures or source regions. Together these data constitute an important analysis of the controls of isotope 
proxies in Portuguese cave systems.   

1. Introduction 

Karst environments offer a host of possibilities for studying past 
environments (Fairchild and Baker, 2012). In particular, speleothems 

(particularly stalagmites) have been used widely to reconstruct past 
hydroclimate (Asmerom et al., 2020; Ait Brahim et al., 2018; Cheng 
et al., 2016; Mattey et al., 2008; Wang et al., 2005) and environmental 
change (Allan et al., 2015; Fairchild and Treble, 2009). Although many 
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studies (e.g., Martín-Chivelet et al., 2011; Treble et al., 2003) have 
illustrated how the isotopic and elemental chemistries from speleothems 
reflect climate external to cave environments, for new cave sites it is 
important to demonstrate how the karst record is related to and influ
enced by local and regional processes. Western Portugal is heavily 
influenced by ocean conditions and atmospheric circulation, most 
notably the North Atlantic Oscillation (NAO) and is thus suitable for 
developing paleoclimate reconstructions which may aid in the under
standing of the role of the North Atlantic Ocean and NAO, as well as 
other potential drivers of Iberian climate. 

The NAO index is a measure of the pressure gradient between the 
Azores High (AH) and the Icelandic Low (van Loon and Rogers, 1978), 
and there is a strong link between NAO phases (NAO+ and NAO-) and 
changes in storm tracks over the North Atlantic, especially in the winter 
(Osborn et al., 1999; Serreze et al., 1997; Trigo et al., 2002; Ulbrich and 
Christoph, 1999). During NAO+ conditions, the difference in sea level 
pressure (SLP) between the Azores and Iceland is enhanced, and this 
steep pressure gradient as well as the clockwise rotation of high pressure 
systems in the northern hemisphere steers storm tracks north of Iberia as 
a result of atmospheric blocking over Portugal. NAO- conditions are 
indicative of a more relaxed pressure gradient between the Azores and 
Iceland and allow storms to track further south, crossing the Iberian 
Peninsula. These resulting changes in storm track location impact 
rainfall amounts in many parts of western Europe, including Portugal, 
and the NAO index is strongly inversely correlated with Portugal pre
cipitation (i.e., higher NAO index means lower Portugal precipitation) 
and other locations in Iberia (Andreo et al., 2004; Mattey et al., 2008; 
Xoplaki et al., 2004). As the southern node of the NAO, the AH has a 
dominant influence on Portugal’s weather and climate (Davis et al., 
1997). When considering just the AH, it is important to note that the 
structure (intensity, size, mean location) of the AH strongly impacts 
precipitation dynamics in this region (Sáez de Cámara et al., 2015). 
When AH SLP is higher, precipitation in Portugal and much of the Ibe
rian Peninsula is reduced, and thus hydroclimate-sensitive proxies from 
this region have the potential to elucidate not only past precipitation 
patterns but regional atmospheric dynamics as well. 

Although modern relationships among the NAO, AH, and Portuguese 
precipitation are fairly well understood (Trigo et al., 2004), less is 
known about the persistence and robustness of these relationships in the 
past. Thus, speleothem records of hydroclimate from this area are of 
particular value, including those from Buraca Gloriosa (BG) cave. The 
goal of this study is to better understand the climatic origins of carbon 
and oxygen isotopic variability in speleothems from western Portugal 
and specifically BG cave, and toward this end, we have conducted a 
novel and detailed assessment of the controls on isotopes in precipita
tion, the links between precipitation and vegetation, and the way in 
which these signals are transmitted to cave dripwater. 

1.1. Linking geochemical signatures in speleothems to the environment 

1.1.1. Oxygen isotopes (δ18O) and the global network of isotopes in 
precipitation (GNIP) database 

An understanding of the dominant drivers of oxygen isotopes in 
precipitation is required for a robust paleoclimatic interpretation of 
oxygen isotopes in speleothems. The oxygen isotopic composition (δ18O) 
of precipitation reflects the influences of many factors including alti
tude, distance from the ocean, amount of precipitation, surface air 
temperature, and moisture source, as well as humidity, surface rough
ness, and wind speed at the point of evaporation (e.g., Dansgaard, 1964). 
Portugal’s varied topography (altitude range 0–1993 m) and latitudinal 
extent (37.0–42.2◦N), both of which impact mean annual temperature 
(MAT), can impact precipitation δ18O values. The moisture source re
gion, precipitation amount, and air temperature effects are tested using 
the set of monitoring data presented here. 

Portuguese data from the Global Network of Isotopes in Precipitation 
(GNIP) are available at 24 locations over much of the last fifty years. 

Observations from the Azores Islands began in 1962 and from mainland 
Portugal in 1978 with additional observations coming from the Madeira 
Islands beginning in 1988 (IAEA/WMO, 2020). Previous work with 
precipitation isotopes from Iberia include that of Carreira et al. (2005), 
which used seven mainland Portugal stations plus Lisbon data to look at 
monthly (all locations) and daily (Lisbon) events and that of Araguas- 
Araguas and Diaz Teijeiro (2005), which characterized oxygen isotopes 
from the entire Iberian Peninsula using monthly data from seven 
mainland Portugal locations plus 16 locations in Spain. A more 
comprehensive analysis that includes the most recent data and from all 
ten mainland GNIP stations is lacking. GNIP data from Portugal are 
useful for characterizing broad influences on precipitation isotopes and, 
when paired with site-specific precipitation analysis, such as performed 
in this study for BG, allows for a critical evaluation of the factors con
trolling the δ18O signature of dripwater and that of stalagmite δ18O 
calcite from a particular site, such as BG cave. 

1.1.2. Stable carbon isotopes (δ13C) 
The origins of carbon isotopic variability in speleothems can reflect 

the complex interactions of a wide array of factors. The three main 
sources of carbon, although not necessarily equal in their contribution, 
in speleothems are: i) atmospheric CO2, ii) CO2 produced from soil mi
crobial respiration (i.e., soil atmosphere), and iii) carbonate (CaCO3) 
bedrock hosting the cave (Cosford et al., 2009; Fohlmeister et al., 2020; 
Genty et al., 2003; Hendy, 1971). As rainwater falls, atmospheric CO2 is 
dissolved in rainwater to form carbonic acid (H2CO3). Microbial pro
cesses within the vegetation and soil overlying the bedrock may, in all 
but thin and vegetation-poor soils, produce CO2 at levels that over
whelm atmospheric CO2. The resulting carbonic acid is primarily 
responsible for the dissolution of the carbonate limestone bedrock 
(Baldini et al., 2006). 

The conditions under which dissolution proceeds (open, closed, or 
intermediate) impacts the carbon isotopic composition (δ13C) of seepage 
water dissolved inorganic carbon (DIC; Dulinski and Rozanski, 1990; 
Hendy, 1971; Salomon and Mook, 1986). In an open system, percolating 
fluid exchanges with soil CO2 until degassing occurs in the cave. In this 
system, the δ13C of the DIC is dominated by the soil CO2 (Fohlmeister 
et al., 2011), which is overwhelmingly determined by photosynthesis 
and respiration (Genty et al., 2006; Meyer et al., 2014). In a closed 
system, CO2 is isolated from soil gases once it enters the bedrock (Hendy, 
1971); hence, the δ13C of the seepage DIC depends on both the soil δ13C 
of CO2 and the δ13C of limestone (McDermott, 2004). Drier and wetter 
conditions could lead to shifts between open and closed system 
behavior, respectively, and the shifts in isotopic values that result from 
shifts between open and closed system behaviors has been considered (e. 
g. Fohlmeister et al., 2011; Hendy, 1971). 

Based on these processes, δ13C values from speleothems may be 
useful to assess paleohydroclimate. The δ13C of atmospheric CO2 prior to 
1850 CE was approx. -6.4‰ (Francey et al., 1999), while CO2 produced 
by soil respiration reflects that of vegetation (−12 to −27‰, depending 
on vegetation type) (Cerling, 1984; Deines, 1980; O’Leary, 1988; Von
Fischer et al., 2008). The soil CO2 concentration changes with depth 
below the land surface due to diffusion processes between the soil and 
atmosphere that results in lower soil gas δ13C values in deeper depths. 
During wetter conditions, as vegetation density and soil microbial ac
tivity increase, the amount of soil CO2 increases and the δ13C values of 
soil CO2 decrease (Cerling, 1984; Hou et al., 2003; Wainer et al., 2009). 
A drier climate leads to less vegetation, a reduction in microbial activity, 
and less soil CO2 production, which lead to increasing soil CO2 δ13C 
values (Cosford et al., 2009; Genty et al., 2003; Osterlin, 2010; Wainer 
et al., 2009). However, even if vegetation density was less developed 
under sustained dry conditions, the contribution of soil CO2, albeit less 
pronounced, would modulate the increase in δ13C values. Additionally, 
during dry conditions, greater proportions of bedrock may be dissolved 
by percolating waters, leading to higher dripwater δ13C values (Genty 
et al., 2003). Lastly, under dry conditions, slower percolation rates can 
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result in dewatering of voids in the epikarst, providing opportunities for 
evaporation and/or prior calcite precipitation (PCP) (Baker et al., 1997; 
Cosford et al., 2009) that lead to increased dripwater δ13C values. 

The vegetation response to rainfall amount in Portugal has been 
investigated in light of the NAO’s impact on precipitation (Vicente- 
Serrano et al., 2011). This is important because the density of the 
vegetation in karst environments has direct impacts on the processes 
that influence the carbon isotopic signature of the DIC pool in soil that 
infiltrates the limestone and eventually form speleothems. In Mediter
ranean climates such as western Portugal, vegetation density increases 
in summers following relatively wet winters, and diminishes following 
relatively dry winters, and in this region, precipitation dynamics are 
strongly influenced by phases of the NAO (Gouveia and Trigo, 2011). In 
other words, if the NAO was in a negative phase for several years or 
more, then vegetation density should increase across the region (and 
vice versa), as has been explored in Portugal. For example, Vicente- 
Serrano and Heredia-Laclaustra (2004) demonstrated that certain por
tions of the Iberian Peninsula (BG cave included) have a negative cor
relation with annual NDVI and winter NAO (higher NAO and lower 
precipitation correlated with lower NDVI); Gouveia et al. (2008) indi
cate that positive values of NAO lead to lower vegetation activity in the 
spring and summer seasons that follow. Hypotheses of how such vege
tation variations would impact the stable carbon isotopic DIC, and thus 

speleothem values, are outlined in the following paragraph. Across 
Iberia, differences in topography and proximity to the Atlantic Ocean 
and Mediterranean Sea cause substantial variability in rainfall patterns 
and temperature patterns and thus between paleoclimate records. 
Paleoclimate records from Iberia, some reaching to the present, include 
lake and marine sediments (Jambrina-Enríquez et al., 2014; Pla and 
Catalan, 2005; Pla-Rabes and Catalan, 2011; Sánchez Goñi et al., 2008; 
Sánchez-López et al., 2016) and cave speleothems (e.g., Martín-Chivelet 
et al., 2011; Smith et al., 2016; Stoll et al., 2013). Additional high- 
resolution records from this region will allow for a greater under
standing of regional climate variability and an evaluation of past 
hydroclimate variability. This is especially important considering that 
the Iberian Peninsula is projected to be disproportionally impacted by 
future warming, likely causing extreme water scarcity issues (Sanchez 
et al., 2011). 

In order to study the dominant factors that influence the isotopic 
composition of precipitation in Portugal and to evaluate the potential 
utility of stalagmites as hydroclimate proxies at BG and other regional 
caves, GNIP data from 10 mainland Portugal sites were investigated. 
Additionally, we present approximately six years of detailed cave 
monitoring from BG cave as well as 15 months of precipitation data near 
and at BG, coupled with Hybrid Single Particle Lagrangian Integrated 
Trajectory (HYSPLIT) modeling to evaluate moisture sources to BG. The 

Fig. 1. A. Map of Portugal indicating the ten IAEA Global Network of Isotopes in Precipitation (GNIP) sites discussed in this study. Blue dot indicates location with 
mean annual temperature (MAT) less than 10 ◦C. Green dots indicate sites with MAT 10–16 ◦C and red dots indicate locations with MAT >16 ◦C. Buraca Gloriosa 
(BG) cave indicated by green star with MAT between 10 and 16 ◦C. B. Precipitation anomalies associated with NAO- (top, NAO indices = −1.01, −1.44, −2.57 from 
2000-01, 1995-96, and 2009-10, respectively) and NAO+ (bottom, NAO indices = +0.36, +1.29, +1.60 from 2004-05, 1982-83, 2011-12, respectively) conditions. 
Precipitation anomalies are based on the GPCC precipitation version 7 at 0.50 spatial resolution (Schneider et al., 2014). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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length of monitoring paired with GNIP data from mainland Portugal and 
HYSPLIT modeling of precipitation events allows for the characteriza
tion of the recent hydroclimate in western Portugal and the BG cave 
system. This study also investigates the role of atmospheric and pre
cipitation dynamics on vegetation density to evaluate the reliability of 
using speleothem δ13C values to infer vegetation density above the BG 
cave system. A novel pairing of these techniques allow for a compre
hensive analysis of suitability of BG cave for paleoclimate re
constructions and for using stalagmites from BG to analyze hydroclimate 
and atmospheric dynamics in western Portugal from past glacial con
ditions, through the Holocene, until modern conditions. 

2. Regional setting and site description 

2.1. Buraca Gloriosa 

Buraca Gloriosa cave (39◦32′N, 08◦47′W; 420 m a.s.l.) is located in 
western Portugal near the town of Alvados, 30 km from the Atlantic 
Ocean and approximately 100 km north of Lisbon (Fig. 1). The cave is 
~35 m-long and formed in Middle Jurassic limestone in the Estremadura 
Limestone Massif, a topographically distinct region in central Portugal 
(Rodrigues and Fonseca, 2010). While not deep, air exchange in the cave 
is limited by the single, small (~0.5 m2) entrance that is accessed near 
the top of a ~ 30 m escarpment and that leads through a collapse into the 
upper end of the downward-sloping cave. The entrance is shielded from 
the external environment by the surrounding boulders and trees. BG is 
well-decorated with numerous inactive stalagmites but few active 
growth sites. Of particular interest in the cave is the loft, an elevated and 
somewhat secluded area at the rear of the cave and the location of 
several actively growing stalagmites (Thatcher et al., 2020). Vegetation 
above the cave is composed of shrubs, small trees, and mosses with thin 

(0-10 cm), highly organic soil (Fig. 2). Although there has been mining 
in the region, there is no evidence of alteration above the cave. 

The region surrounding BG is characterized by the warm, dry sum
mers and cool, wet winters typical of Mediterranean climate. Most 
rainfall occurs in the winter season and shoulder months, with greater 
than 85% of annual precipitation falling between October and April in 
Leiria, a meteorological station less than 30 km north of BG (Fig. S1). 

3. Methods 

3.1. Global network of isotopes in precipitation (GNIP) database 

The GNIP data used in this study were collected monthly at ten lo
cations in mainland Portugal: Beja (1988–1991), Bragança 
(1988–1991), Evora (2014–2017), Faro (1978–2001), Lagoa 
(2014–2017), Lisbon (2003, 2014–2017), Penhas Douradas 
(1988–2004), Portalegre (1988–2004), Porto (1988–2004, 2014–2017), 
and Vila Real (1988–1991) (IAEA/WMO, 2020; Fig. 1). Together, these 
constitute 905 months of observations of monthly average temperature, 
monthly total precipitation amount, and oxygen and hydrogen isotopes 
of the bulk monthly precipitation. The relationships between amount 
weighted δ18O and latitude, altitude, temperature, and precipitation 
amount were determined using these observations. In particular, 
amount-weighted δ18O-temperature and amount-weighted δ18O-pre
cipitation amount were explored as amount-weighted monthly averages 
from each location, and then also for three separate bins of mean annual 
temperature (MAT). 

3.2. Atmospheric, precipitation, and vegetation index datasets 

Winter (December–January-February-March; DJFM) NAO index 

Fig. 2. Buraca Gloriosa cave site. A. Image of vegetation growing above BG cave. B. Typical soil above BG cave. C. Shallow soil cover above cave.  
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values were obtained using the Hurrell Principal Component-based (PC- 
based) index (Hurrell, 1995; Hurrell and Deser, 2009; NCAR, 2019). We 
selected the PC-based record to account for non-stationarity of the NAO 
system; the Hurrell PC-based monthly dataset is the average monthly 
NAO index and spans the period 1899–2015. 

Monthly gridded precipitation data were used from the Global Pre
cipitation Climatology Centre (GPCC), version 7, at 0.5◦ horizontal 
resolution and available for the period 1901–2013 (Schneider et al., 
2014). 

We also utilized a daily rainfall series from 1864 to 2013 at the D. 
Luis observatory (38.72◦N, 9.15◦W; 95 km south of BG) (Kutiel and 
Trigo, 2014). The three highest and three lowest precipitation winters 
(DJFM) from 1982 to 2013 were selected for analysis. The SLP dataset 
used here is from Ponte Delgado, Azores and is monthly averaged SLP 
for all months 1874–2005 (polarmet.osu.edu/NAO). Correlations were 
determined between Lisbon daily rainfall (aggregated into monthly to
tals), Ponte Delgado monthly SLP data, and Hurrell PC-based NAO 
index. 

Vegetation density was obtained using the normalized difference 
vegetation index (NDVI), which has been measured globally since 1982 
and is one of the most used indices to detect live green plant canopies 
(Karnieli et al., 2010; NCAR, 2018; Tucker, 1979). Values range from 
−1.0 to +1.0 with higher values suggesting greater biomass and 
enhanced plant vigor. The vegetation index for the Iberian Peninsula 
was acquired using the Advanced Very High Resolution Radiometer 
(AVHRR) sensor with a grid size of 0.05◦ x 0.05◦, at daily resolution, and 
covering the period 1981-present. The NDVI was averaged for the 
summer months (June–July-August; JJA) following the wettest and 
driest winters for the Iberian Peninsula: for example, DJFM 2009–2010 
was the wettest winter since 1982 and the NDVI was determined for JJA 
2010. 

3.3. Rainfall and dripwater isotopes and speleothem drip rates at BG 

Measurements of rainfall totals were obtained at Leiria and Monte 
Real, approximately 30 km and 50 km north of BG, respectively. Rain
water samples were collected over fifteen months (September 2018 – 
November 2019) on any day that precipitation fell at Mira de Aire, a 
tourist cave approx. 5 km from BG cave. 

Additionally, a Pluvimate (http://www.driptych.com) automated 
rain gauge was installed outside of BG in September 2018 to compare 
rainfall amounts at the cave entrance to the other collection/measure
ment sites (Leiria, Monte Real, and Mira de Aire). Integrated rainfall at 
this site was collected using a Palmex rain sampler (http://www. 
rainsampler.com/) for four periods: September 2018–January 2019, 
January 2019–June 2019, June 2019–August 2019, and August 
2019–December 2019 and analyzed for oxygen and hydrogen isotopes. 

Drip rates were measured at two locations within the loft beginning 
June 2014. Drip rates were logged every thirty minutes using Stalagmate 
acoustic drip loggers (http://www.driptych.com; Collister and Mattey, 
2008; Smith et al., 2016). An additional drip counter was installed in 
September 2018 at the base of the loft area. Daily drip rates were 
calculated for a total of 54 months over the 62-month time period June 
2014 to August 2019. The drip counters were removed for a several 
month time period in 2016 and drip counters failed to measure drips 
during other time periods, likely due to shifting drip position. 

BG dripwater was collected sporadically in two ways: months-long 
integrated sampling and drips obtained over several minutes during 
monitoring visits (June 2014, November 2014, October 2015, March 
2016, January 2018, September 2018, January 2019, June 2019, August 
2019, and December 2019). For the present study, a total of 42 drip
water samples were analyzed for isotopes. Drips were primarily ob
tained from two areas in the cave: the loft and along a flowstone wall 
directly under the loft. 

δ18O and stable hydrogen isotopes (δ2H) values of all rainwater and 
dripwater were analyzed with a Picarro L1102-i Isotopic Liquid Water 

Analyzer with autosampler and ChemCorrect software at Iowa State 
University. Each sample was measured six times, with only the last three 
injections used to determine isotopic values in order to minimize 
memory effects. Three reference standards (VSMOW, IAEA-OH-2, IAEA- 
OH-3) were used for regression-based isotopic corrections and to assign 
the data to the appropriate isotope scale. Reference standards were 
measured at least once every five samples. The analytical errors reported 
at one standard deviation are, on average, better than 0.1‰ (1σ) for 
δ18O and 0.2‰ (1σ) for δ2H and are reported relative to VSMOW. 

3.4. Evaluating moisture source dynamics at Buraca Gloriosa 

The influence of atmospheric trajectory (moisture source) on western 
Portugal rainfall isotopic composition was studied by integrating rain
water isotopes and HYSPLIT modeling (Draxler and Hess, 1998; Draxler 
and Rolph, 2003) using the methods of Baldini et al. (2010) and Smith 
et al. (2016). The air mass history of each rainfall event was calculated at 
three heights (1500, 3015, and 5575 m), roughly corresponding to 850, 
700, and 500 mb, using five-day (120h) kinematic back trajectory 
modeling from BG. The 850 and 700 mb heights were used for modeling 
to approximate frontal and synoptic rainfall. The 500 mb level was not 
used to identify moisture source regions but provided a check for at
mospheric shear (Baldini et al., 2010). The models originate at 09:00 
local time, the time rainwater was collected at Mira d’Aire. Samples 
encompass the entire rainfall collection day (24 h prior to 09:00 local 
time), and average source directions were calculated for each precipi
tation event using the 120 h of data. 

3.5. External and internal cave monitoring 

External and cave air temperature and relative humidity were 
measured every 30 min using HOBO U23 loggers. In August 2013, one 
data logger was installed directly outside the cave entrance and adjacent 
to the cliff wall, and in September 2018, an additional logger was 
installed in an area with adequate ventilation at a height of 1 m above 
the ground located in a small clearing several meters from the cave 
entrance. Logging of cave temperature was conducted at several loca
tions, with all loggers suspended approximately 1 m above the cave floor 
and not touching the side walls of the cave. Data presented here were 
obtained near the loft in the rear of the cave. Dripwater temperatures 
have been recorded every 30 min in the loft since August 2016 using a 
HOBO Tidbit UTBI-001 logger. Cave air pressures have been recorded 
every two hours since August 2013 and external air pressures every hour 
since September 2018 using HOBO U20 loggers. 

4. Results 

4.1. Evaluation of the global network of isotopes in precipitation (GNIP) 
in Portugal 

The mainland Portugal GNIP database contains 905 months of 
overlapping data, with δ18O and δ2H values ranging from −14.7 to 
+1.1‰ and − 106.1 to +36.7‰, respectively. Regressing all of the 
Portugal GNIP data yields a local meteoric water line (LMWL) of δ2H =
6.72*δ18O + 4.39 (Fig. 3A). Additionally, data from Mira de Aire pre
cipitation alone produces a LWML of δ2H = 7.16*δ18O + 10.90. Both the 
mainland Portugal LWML and Mira de Aire LMWL have lower slopes 
than the Global Meteoric Water Line (GMWL; δ2H = 8*δ18O + 10; Craig, 
1961), the mainland Portugal LWML intercept is lower than that of the 
GWML, and the Mira de Aire LMWL has an intercept similar to that of the 
GWML (Fig. 3). 

For the mainland Portugal GNIP data, comparisons were made with 
δ18O values and latitude, altitude, mean annual temperature, and 
average annual precipitation for the ten locations (Fig. 4). Across all of 
Portugal, the strongest relationship was between annual precipitation 
δ18O values and altitude (r2 = 0.92, p < 0.05; slope = −0.24‰/100 m), 
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followed by monthly average precipitation δ18O values and monthly 
precipitation amount (r2 = 0.28, p < 0.05, slope = −1.8‰/100 mm 
precip), and monthly average precipitation δ18O values and mean 
annual temperature (r2 = 0.22, p < 0.05; slope = +0.16‰/◦C). The 
weakest relationship between annual precipitation δ18O values is lati
tude (r2 = 0.22, p = 0.17; slope = −0.29‰/degree latitude) and this 
relationship is not statistically significant. These relationships are based 
on the amount-weighted mean δ18O values calculated for each of the ten 
mainland Portugal locations using a total of 832 months for precipita
tion amount and 667 months for temperature values (data not available 
for all months at every location) across all years and locations. However, 
it may not be useful to assess these relationships across the entirety of 
Portugal as one dataset because of the inherent differences in climatic 
zones. For example, Baker et al. (2019) demonstrated that regions with 
different mean annual temperatures (MATs) would have differing 
dominant controls on δ18O values of precipitation. Hence, we regressed 
the GNIP data binned by MAT to produce three new LMWLs (Fig. 3B) 
and determined relationships with the δ18O-precipitation amount and 
δ18O-temperature (Table 1). The slope and intercept for the LWML for 
each are as follows: MAT >16 ◦C (6.57, 5.15), 10 ◦C < MAT<16 ◦C 
(6.54, 2.90), and MAT <10 ◦C (7.02, 5.98). When considering the re
lationships between amount weighted δ18O-precipitation amount and 
amount weighted δ18O-temperature with respect to the three MAT bins, 
the relationships that are statistically significant (bold in Table 1) are 
those records that are longer and/or those from regions with MAT 
<16 ◦C, with the exception of Vila Real. All of the longer records (> 4 
years) have statistically significant relationships with both δ18O-pre
cipitation amount and δ18O-temperature. For three of the four longer 
records, the r2 value is higher for the precipitation amount relationship. 
Additionally, two other locations with MAT 10–16 ◦C (Bragança and 
Lagoa) have statistically significant relationships with δ18O-precipita
tion amount but not with temperature. 

4.2. Atmospheric, precipitation, and vegetation index datasets 

The three lowest and highest DJFM rainfall totals during 1982–2018 
(the length of the NDVI record) were determined and compared with the 
NAO index. The three wettest winters were 2000–01 (720.8 mm, NAO 
index = −1.01), 1995–96 (789.4 mm, NAO index = −1.44), and 

2009–10 (984.3 mm, NAO index = −2.57). The three driest winters 
were 2004–05 (77.7 mm, NAO index = +0.36), 1982–83 (82.4 mm, 
NAO index = +1.29), and 2011–12 (102.2 mm, NAO index = +1.60). 
For each of the six years, average summer NDVI values were determined 
and then a composite formed for the three years with driest and wettest 
conditions, respectively, and shown across the entire Iberian Peninsula 
(Fig. 5). Higher NDVI (more vegetation) are in green and lower NDVI 
(less vegetation) in brown. There are considerable differences in vege
tation density for individual summers following either wet or dry win
ters (Fig. 5). However, when several wet (Fig. 5B) or dry (Fig. 5D) years 
are averaged, a general response to the vegetation density emerges. For 
example, by subtracting the composite average NDVI during dry years 
from that of the wet years at each grid point (Fig. 5E) the impact on 
vegetation density can be easily seen. NDVI values for a 1◦x1◦ grid box 
(8–9◦N, 39–40◦W, box shown in Fig. 5E) for summers following the 
wettest winters averaged 0.404, while they averaged 0.337 following 
the driest winters There is spatial variability in the difference between 
the wettest and driest years (Fig. 5E). For example, parts of northern 
Spain show little difference in vegetation between these wet and dry 
years while most of western Iberia shows substantial differences in NDVI 
between wet and dry years. In the grid box, the difference in NDVI be
tween the wettest and driest years is 0.0668, one of the largest differ
ences in Iberia. This result indicates that western Portugal has a higher 
vegetation density following wet winters/NAO- years and a lower 
vegetation density following dry winters/NAO+ years. 

4.3. Rainfall and dripwater isotopes and speleothem drip rates at BG 

In order to develop a comprehensive rainfall record for the period of 
study, we utilize six years of rainfall totals at the Leiria and Monte Real 
stations (Fig. S1). Because neither record is continuous over this time 
period, we combine the two locations. Annual average rainfall was 594 
mm/yr at Leiria (30 km from BG; 2015–2018) and 487 mm/yr at Monte 
Real (50 km from BG; 2014–2018). A comparison of rainfall data from 
Leiria, Monte Real, and Mira de Aire, and rainfall from the Pluvimate 
outside BG for the period September 2018–August 2019 is shown in 
Supplemental Fig. S1. 

At Mira de Aire, 108 precipitation days occurred from September 
2018–November 2019, with precipitation totals ranging from 0.1 to 

Fig. 3. A. All mainland Portugal GNIP data (unfilled circles) with Mira de Aire precipitation data (blue). Also shown GMWL (black line), all Portugal GNIP LMWL 
(gray line), and Mira de Aire LMWL (blue line). B. All Portugal GNIP separated by mean annual temperature (MAT). Circles are individual monthly precipitation 
samples (MAT >16 ◦C, red; 10 ◦C < MAT <16 ◦C, green; MAT <10 ◦C, blue). Individual LMWL are plotted for the three MAT bins along with LMWL equations, r2 

values and p-values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Amount-weighted δ18O values from ten locations across mainland Portugal compared to A. Latitude, B. Altitude, C. Monthly average precipitation amount, 
and D. Monthly average temperature. 

Table 1 
Portugal mainland GNIP data. Relationships between weighted δ18O values and precipitation (middle column) and weighted δ18O values and temperature (right 
column). Significant relationships are in bold.    

Weighted δ18O /precipitation  Weighted δ18O/temperature 

Site Length of Record (years) Slope (‰/100 mm/month) r2 p-value  Slope (‰/0C) r2 p-value 

MAT < 10 ◦C         
Penhas Douradas 17 −1.01 0.75 < 0.05  0.12 0.47 < 0.05 
10 ◦C < MAT < 16 ◦C         
Braganca 4 −4.18 0.57 < 0.05  0.077 0.056 0.46 
Lagoa 4 −2.94 0.51 < 0.05  0.12 0.32 0.24 
Portalegre 17 −1.75 0.55 < 0.05  0.15 0.69 < 0.05 
Porto 21 −1.04 0.76 < 0.05  0.11 0.38 < 0.05 
Vila Real 4 −1.90 0.18 0.16  −0.017 0.0025 0.88 
MAT > 16 ◦C         
Beja 4 −2.17 0.21 0.18  0.029 0.0075 0.81 
Evora 4 −0.07 0.000038 0.99  0.13 0.12 0.37 
Faro 24 −3.78 0.77 < 0.05  0.31 0.70 < 0.05 
Lisbon 5 −0.44 0.85 0.53  0.011 0.03 0.88  
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Fig. 5. A. Jun-Aug NDVI following the 
three highest precipitation Dec-Mar 
time periods since 1982. B. Jun-Aug 
composite NDVI following the three 
highest precipitation Dec-Mar time 
periods since 1982. C. Jun-Aug NDVI 
following the three lowest precipita
tion Dec-Mar time periods since 1982. 
D. Jun-Aug composite NDVI following 
the three lowest precipitation Dec-Mar 
time periods since 1982. E. The bottom 
plot is the NDVI difference plot of 
average wet years minus average dry 
years. Box indicates location of 
average values of NDVI. Dot on each 
map indicates BG cave.   
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46.0 mm (blue circles in Fig. 6A). The δ18O and δ 2H values of precipi
tation collected at this site range from −10.0 to −0.3‰ and − 72.7 to 
+10.5‰, respectively, with average values of −3.7 (±2.2) ‰ and − 15.5 
(± 16.4) ‰ (Fig. 6A). Additionally, four composite samples were 
collected from the Pluvimate rainfall collector. The δ18O and δ 2H values 
for the four composite samples fall within the range of the daily pre
cipitation samples collected at Mira de Aire (Table S1, yellow triangles 
in Fig. 6A). 

Daily rainwater sampling allows for the construction of a local 

meteoric water line (LMWL). Similar to the Global Meteoric Water Line 
(δ2H = 8.0*δ18O + 10) (Craig, 1961), the Mira de Aire LMWL is defined 
as δ2H = 7.16*δ18O + 10.90 (Fig. 6B) and has a similar slope (but 
different intercept) to a Western Mediterranean Meteoric Water Line 
(WMMWL) created by Celle (2000): δ2H = 7.43*δ18O + 8.06. Differ
ences in slope are prominent when precipitation samples are segregated 
into wet and dry seasons. For the wet season (October – April), the Mira 
de Aire LMWL is δ2H = 7.32*δ18O + 12.21 and for the dry season (May – 
September), the LMWL is δ2H = 10.27*δ18O + 12.64 (Fig. 6C). 

Fig. 6. A.Mirade Aire precipitation (blue circles), BG cave drip water (red circles), BG bulk precipitation (yellow triangles), Mira de Aire amount-weighted average 
precipitation (green square), Mira de Aire average precipitation (light blue square), Mira de Aire LMWL (dashed), and GMWL (solid black). B. Rainfall data from Mira 
de Aire (~5 km from BG) with LMWL (dashed) and GMWL (solid) shown C. Wet season LMWL (October–April, blue) and dry season LMWL (May–September, brown) 
with BG cave drip water (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Dripwater isotopes have an isotopic range of −4.6 to −0.4‰ for δ18O 
and − 22.9 to +0.3‰ for δ2H with average values of −3.8 and − 15.6‰, 
respectively. Variability among the six dripwater samples is approxi
mately 20% that of the variability in precipitation over the course of one 
year (see Fig. 6A). Fig. 6A displays the oxygen and hydrogen isotopes 
from the 108 precipitation events from Mira de Aire, the amount- 
weighted average (green square) and the average (light blue square) 
of these 108 samples of precipitation. Overlaid on these precipitation 
isotopes are 42 samples of dripwater isotopes from BG cave (red circles). 
A time series of the precipitation isotopes from the 108 events is shown 
in Fig. S2. The dripwater isotopes are similar to the amount-weighted 
average δ18O and δ2H values from the 108 samples of precipitation 
collected at Mira de Aire (−4.63 and 23.18‰, respectively). 

Drip rates were measured for much of the period spanning June 2014 
to August 2019 (for a total of 54 months) and exhibit seasonal variations 
tied to the winter wet and summer dry seasons, as well as individual rain 
events (Fig. 7). The three drip counters installed in the cave record 
different numbers of drips per day but have similar patterns in seasonal 
fluctuations. 

4.4. Moisture source dynamics at Buraca Gloriosa 

All precipitation events at Mira de Aire were analyzed by HYSPLIT 
for the average direction of air mass transport for the 120 h prior to 
arriving at BG at 850 mb. Average air mass trajectories were compared 
to precipitation isotopes for each event, with the results shown in Fig. 8. 
Rainfall from the west and northwest had oxygen isotopic values that 
ranged from −10.0 to −0.3‰. Of the 108 events, 89% were derived from 
the Atlantic (average air mass trajectory angles between 180◦ (from the 
south) and 360◦ (from the north)). An additional 5% of precipitation 
days involved moisture transport from central Europe (average air mass 

trajectory angles between 1 and 12◦ (east of north)). This finding also 
largely holds for the relationship between rainfall amount and average 
direction of air mass transport. Lightest precipitation events (<10 mm/ 
day; n = 68) were predominantly Atlantic but originated from a variety 
of directions and the largest (>30 mm/day; n = 4) were all derived from 
the Atlantic (270◦ to 360◦). 

Additionally, between 1982 and 2018, the three wettest winters in 
Lisbon (2000–2001, 1995–1996, 2009–2010) contained a total of 230 
precipitation days (Fig. 8). During these years, 94% of the events were 
derived from air mass trajectories between 180◦ and 360◦ with an 
additional 7 events 1–12◦. The three driest years in Lisbon (2004–2005, 
1982–1983, 2011–2012) recorded 77 precipitation days. During these 
driest years, 84% of the events had air mass trajectories from the 
Atlantic (180–360◦) with an additional 3 events between 1 and 12◦. 

4.5. External and internal cave monitoring 

External temperatures show diurnal and seasonal variability (3.6 to 
31.4 ◦C; annual mean of 15.4 ± 4.7 ◦C; Fig. 9) while cave temperatures 
show little variability throughout the year. Cave temperatures vary from 
13.7 to 14.8 ◦C with warmest temperatures generally occurring Octo
ber–November and coolest temperatures January–March (Fig. 7). The 
annual mean temperature inside the cave is 14.3 ± 0.2 ◦C, approxi
mately 1 ◦C cooler than the outside temperature measured directly 
adjacent to the rock (near entrance). This near entrance outside tem
perature measurement is likely inaccurate and results from the weather 
station away from the rock will provide increased clarity. However, due 
to the short nature of the monitoring campaign at the location away 
from the rock, an annual mean at this location cannot yet be calculated. 
Dripwater temperatures vary from 13.8 to 15.4 ◦C, with an average 
value of 14.3 ± 0.2 ◦C, identical to the mean annual cave air 

Fig. 7. Environmental monitoring inside BG from August 2013–June 2019. A. Relative humidity (red) from inside BG. B. Cave temperature (blue) and drip water 
temperature (black) from inside BG. C. Barometric pressure inside BG (green). D. Drip counts from three drip counters located inside BG. E. Precipitation from Leiria 
(gray; approx. 30 km from BG). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

D.L. Thatcher et al.                                                                                                                                                                                                                             



Chemical Geology 558 (2020) 119949

11

temperature. 
Relative humidity outside the cave varies diurnally and seasonally, 

ranging from 17 to 100%, while cave relative humidity remains at or 
near 100% year-round. Highest humidities outside of the cave generally 
occur during the cool and wet winter season, with values falling through 
the summer. Over the six years of monitoring, three short-lived venti
lation events were observed by sudden decreases in relative humidity 
inside the cave followed by a return to 100% humidity within days 
(Fig. 7). The origin of these ventilation events is unknown and warrant 
further investigation but appear correlated with decreases in cave 
barometric pressure. 

Barometric pressures outside the cave (September 2018–August 
2019) range from 949 to 985 mb with an average value of 970 mb 
(Fig. 9). In comparison, cave barometric pressures exhibit a higher 
range, with values reaching from 932 to 995 mb, with a six-year average 
value of 972 mb, nearly identical to outside barometric pressure average 
(Fig. 7). The range of pressure inside the cave during the limited time 
interval of the outside series produces a nearly identical range of values. 

5. Discussion 

5.1. Establishing the potential link between atmospheric variability, 
precipitation patterns, vegetation density, and climate proxies in Portugal 

The behavior of the NAO system and the AH are inextricably linked 
as both the AH and the Icelandic Low represent the two nodes/action 
centers that form part of the NAO. A robust correlation exists between 
the Hurrell PC-based NAO index and SLP in the AH region (Ponte Del
gado) (1929–2005; r2 = 0.46; p < 0.05). The PC-based NAO index ac
counts for the non-stationarity of the AH, which is not considered with 
station-based NAO indices. However calculated, all NAO indices are 
highly correlated with each other (Trigo et al., 2005). As previously 
discussed, this relationship extends to Portuguese rainfall. During higher 
pressure conditions for the AH, rain-bearing weather systems are steered 
to the north of the Iberian Peninsula and Lisbon and other parts of 
Portugal remain drier than average (Goodess and Jones, 2002; Hurrell, 
1995; Osborn et al., 1999; Qian et al., 2000; Trigo et al., 2002).The 
correlation between Ponte Delgado SLP and Lisbon precipitation for 
1874–2005 is r2 = 0.32 (p < 0.05) and the correlation between the 
Hurrell PC-based NAO index and Lisbon precipitation for 1929–2013 is 
r2 = 0.17 (p < 0.05). 

Fig. 8. A. Wind rose plot of moisture transport direction to BG relative to rainfall oxygen isotopes (‰). B. Wind rose plot of moisture transport direction to BG 
relative to precipitation amount (mm/day). C. Example output from Hysplit model. D. Wind rose plot of moisture transport with the airmass directions from the 
lowest three precipitation winters since 1982 (mm/day). E. Wind rose plots of moisture transport direction to Lisbon with the airmass directions for the highest three 
precipitation winters since 1982 (mm/day). For A, B, D, & E, source regions are combined into 5◦ bins and the % of rainfall from each sector is shown as light gray 
circles. Moisture transport direction was calculated using the Hysplit Model (Draxler and Hess, 1998), following the methods of Baldini et al., 2010 and Smith et al., 
2016. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The amount of precipitation influences both the oxygen isotopes of 
the precipitation as well as the amount of vegetation, as measured here 
by June–August NDVI, which impacts carbon isotopes. Higher rainfall 
totals correspond with lower rainwater oxygen isotope ratios at BG (the 
“amount effect”, see following discussion). The amount of precipitation 
impacts carbon isotopes by increasing vegetation density which causes 
carbon isotopes of the cave system to more strongly reflect vegetation 
isotopes rather than rock isotopes. 

Particularly in semi-arid climates, such as Portugal, precipitation 
changes can markedly impact vegetation density and productivity 
(Cosford et al., 2009). Based on the NDVI map (Fig. 5), there is clear 
spatial variability in the sensitivity to differences in precipitation across 
Iberia. Areas in southeast Iberia and north-central Iberia show little 
difference between the wettest and driest years while western Iberia 
seems to be more sensitive to these changes in precipitation. Other au
thors (Gouveia et al., 2008; Vicente-Serrano and Heredia-Laclaustra, 
2004) have found significant relationships between NAO and NDVI 
and it appears that these relationships continue to be robust with the 
present dataset. Higher NAO indices are associated with decreased 
precipitation in this region which leads to decreased NDVI. The negative 
correlation with NDVI and NAO is true for much of Iberia, particularly 
western Iberia. Western Iberia appears to be an ideal location to study 
past precipitation dynamics and NAO behavior due to its sensitivity to 
precipitation-driven vegetation changes. 

5.2. Relationship between δ18O of precipitation, precipitation amount, 
and mean annual temperature 

The current analysis of rainfall isotopes from mainland Portugal and 
Mira de Aire allows for an investigation of principal impacts on the 
isotopes of rainfall at BG. Modern precipitation data (GNIP) for ten sites 
in Portugal help determine general trends in the isotopes of precipita
tion. There is variability between sites with regards to latitude, altitude, 
annual average temperature and annual precipitation. Some records 

from these GNIP sites are incomplete – i.e. missing values for δ18O, δ2H, 
temperature, and/or precipitation – and some sites have short obser
vation periods (four years or less of data). Considering the limitations of 
these data, it is still possible to make general observations about oxygen 
isotope relationships. In general, in Portugal, lower oxygen isotope 
values of precipitation are associated with higher altitude locations, 
higher latitude locations, colder locations, and locations which receive 
more precipitation (Fig. 4). Conversely, higher oxygen isotope values of 
precipitation are associated with lower altitude locations, lower latitude 
locations, warmer locations, and locations which receive less precipi
tation (Fig. 4). 

The general observations of controls on Portugal precipitation δ18O 
are complemented by an analysis of seasonality of the precipitation δ18O 
values. Fig. S3 shows the monthly amount weighted average δ18O value 
for each of the ten mainland Portugal GNIP sites as well as the average of 
value from these ten locations. 

A global meta-analysis of 163 drip sites from 39 caves on five con
tinents argued that MAT is ultimately the dominant factor influencing 
the δ18O values of dripwater and, thus, of stalagmites (Baker et al., 
2019). In areas of the world with a MAT between 10 and 16 ◦C, such as 
BG, dripwater represents the recharge-weighted δ18O value (Baker et al., 
2019). At BG, recharge is dominated by Atlantic-sourced winter pre
cipitation (discussion below). The four Portuguese sites with MAT 
10–16 ◦C show average slopes of δ18O-precipitation amount of −2.5‰/ 
100 mm/month and δ18O-temperature of +0.17‰/◦C (Fig. S4; Table 1). 

For locations with a MAT >16 ◦C, Baker et al. (2019) proposed that 
dripwater δ18O values are likely a compound signal that reflects selec
tive recharge and evaporative fractionation. The four Portuguese sites 
with MAT >16 ◦C show average slopes of δ18O-precipitation amount of 
−2.5‰/100 mm/month and δ18O-temperature of +0.09‰/◦C (Fig. S4; 
Table 1). Finally, for sites with MAT <10 ◦C, Baker et al. (2019) suggest 
that the oxygen isotope composition of dripwater is most directly related 
to the isotopic composition of local rainfall. There is only one such GNIP 
location in mainland Portugal (Penhas Douradas), and for this site, the 
δ18O-precipitation amount and δ18O-temperature impacts are −1.0‰/ 
100 mm/month and + 0.12‰/◦C, respectively (Fig. S4; Table 1). 

These ten mainland Portugal GNIP sites allow for characterization of 
regional precipitation. Using the monthly amount-weighted averages 
from all ten Portugal GNIP sites, the amount effect averages −1.8‰ per 
100 mm/month precipitation and the temperature effect is +0.16‰ per 
◦C, slightly more than the temperature effect on water-calcite isotope 
fractionation. As proposed by others, δ18O values of calcite in speleo
thems are dominated by the “amount effect” in precipitation from the 
western Mediterranean (Bard et al., 2002; Denniston et al., 2018; Isola 
et al., 2019) where increased precipitation leads to lower values of δ18O 
of the precipitation. Bard et al. (2002) suggested for a site on the western 
coast of Italy that the amount effect is −2.0‰/ 100 mm precipitation as 
opposed to the temperature effect at the same location (+0.3‰/ ◦C). 
This temperature effect is roughly equal but opposite in sign to the 
impact of temperature change on water-calcite isotopic fractionation 
(−0.2‰ per ◦C, Kim and O’Neil, 1997). Given the length of the GNIP 
mainland Portugal record, we conclude that on decadal time scales and 
longer, lower oxygen isotope values in the calcite are associated with 
more humid conditions and higher values associated with drier condi
tions (Drysdale et al., 2004; Regattieri et al., 2014; Zanchetta et al., 
2007). 

These GNIP sites are complemented by our analysis of isotopes in 
precipitation from Mira de Aire, a site much closer to BG than any of the 
GNIP sites and at a similar elevation to BG. From the 108 rainfall events 
collected between September 2018 and November 2019 at Mira de Aire, 
relationships between δ18O-precipitation amount and δ18O-temperature 
are r2 = 0.18 (p < 0.05) and r2 = 0.08 (p < 0.05), respectively (Fig. 10). 
When binned monthly and adjusted to amount-weighted δ18O values, 
the relationships are more highly correlated. The amount effect is 
particularly prominent and statistically significant (r2 = 0.43, p < 0.05) 
while air temperature effects are also present (r2 = 0.30, p = 0.08) 

Fig. 9. Environmental monitoring external to BG. A. Barometric pressure 
outside of BG (green); B. Relative humidity outside of BG (gray); and C. Tem
perature from two locations outside of BG cave – near the entrance (black) and 
at the weather station (blue). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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however they are less prominent and not significant. The slopes for the 
δ18O-precipitation amount and δ18O-temperature lines are −1.77‰/ 
100 mm/month and + 0.31‰/◦C (Fig. 10) for the monthly-binned 
values of precipitation from Mira de Aire. Following the logic of Bard 
et al. (2002) as outlined above, the +0.31‰/◦C would be mostly offset 
by the impact of temperature change on water-calcite isotopic frac
tionation (−0.2‰/◦C, Kim and O’Neil, 1997). The amount effect is also 
visually apparent when considering the time series of isotopes from Mira 
de Aire as lower values of oxygen isotopes are associated with higher 
amounts of precipitation (Fig. S2). In this region, it is likely that the 
precipitation amount is impacting the δ18O values of precipitation with 
temperature effects less impactful on precipitation isotope values 
(Denniston et al., 2018) and the recharge is dominated by winter 
Atlantic-sourced precipitation. The drip water isotope values from BG 
are similar to the winter precipitation isotopes from Mira de Aire 
(Fig. 6C) confirming the relationship of recharge and winter 
precipitation. 

Finally, comparison of drip water and rainwater allow for some 

constraints on the degree of homogenization of percolating fluids in the 
bedrock (Cobb et al., 2007; Mattey et al., 2008; Perrin and Jeannin, 
2003). Although several dripwater measurements were made on time- 
integrated samples, the oxygen (and hydrogen) isotopes for precipita
tion and drip water are similar but the variability in the precipitation 
isotopes is smaller for the drip water isotopes (Fig. 6A). The average 
precipitation isotopes from Mira de Aire fall directly within the range of 
dripwater isotopes from BG (Fig. 6) indicating that studying BG drip
water (and thus stalagmites) is a robust way of assessing past precipi
tation and atmospheric dynamics in this region. 

5.3. Source impacts on oxygen isotopes of dripwater 

Dripwater flowing through the overlying rock and into the cave 
originated as precipitation falling above the cave. The isotopes of the 
precipitation at a particular location are principally impacted by three 
factors: i) the amount of rain falling in the region, and ii) the tempera
ture at which the rain falls; and iii) the source region of the moisture 

Fig. 10. Mira de Aire Rainfall. A. Relationship between daily rainfall amount and rainfall oxygen isotope measurements; B. Relationship between daily average 
temperature and rainfall oxygen isotope measurements. C & D are monthly-binned relationships for precipitation amount and temperature, respectively. 
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(Lachniet, 2009). Factors (i) and (ii) were discussed above. According to 
Lachniet (2009) and others, the source effect is the observation that air 
masses derived from different moisture sources have distinct δ18O values 
(Clark and Fritz, 1997; Cole et al., 1999; Friedman et al., 2002; Rozanski 
et al., 1993) as the δ18O values of ocean water vary globally (LeGrande 
and Schmidt, 2006). The potential and proximal sources of air masses 
over western Portugal include the Atlantic Ocean and the Mediterranean 
Sea with oxygen isotope values in the Atlantic-sourced precipitation 
being several per mil lower than that of the Mediterranean (LeGrande 
and Schmidt, 2006). Precipitation δ18O values are sensitive to areas of 
high evaporation, such as the Mediterranean Sea, thus moisture origi
nating over the Mediterranean would be expected to have an isotopic 
signal that differs from moisture that originates over the Atlantic Ocean, 
a less evaporative region (Bowen and Wilkinson, 2002). Such differences 
in moisture sources have the potential to impact oxygen isotopes of the 
precipitation falling over BG, if precipitation amounts associated with 
each moisture source are sufficient to add to recharge. 

Larger precipitation events at Mira de Aire have an Atlantic signature 
and the small number of rain events (5 of 108 events) that do not 
strongly suggest an Atlantic signature are characterized by little pre
cipitation (all five events are <20 mm and four of the five <6 mm; 
Fig. 8). Conversely, all of the events >30 mm originated from the 
northwest of BG and the largest twelve events are all Atlantic-sourced. 
This suggests that precipitation contributing to recharge at BG is 
Atlantic-sourced. This result is important for future hydroclimate studies 
because if the dominant source region of precipitation is consistent over 
the observation period, then variability in the isotope record is less likely 
to reflect varying source regions and more likely to reflect changes in 
precipitation amount. 

Additionally, an analysis of the source trajectories of three wettest 
years and three driest years since 1982 using Lisbon precipitation data 
yields even more robust conclusions. Fig. 8D shows the air mass tra
jectories for the three lowest precipitation winters compared to pre
cipitation amount and Fig. 8E the air mass trajectories for the three 
highest precipitation winters. The driest years have overall less 

precipitation, fewer precipitation events, fewer large precipitation 
events (>30 mm/day), and a more variable moisture source. The wettest 
years have overall more precipitation, more precipitation events, a 
greater number of large precipitation events (>30 mm/day), and a 
dominant Atlantic moisture source. As Lisbon is only ~100 km from BG, 
these conclusions can be broadly applied to the current study site. 

5.4. Carbon isotopes in the BG cave system 

As discussed above, the carbon in speleothem calcite is derived from 
three (not necessarily equally contributing) main sources: i) soil 
respiration-produced CO2 (−12 to −27‰ depending on vegetation type; 
Cerling, 1984; Deines, 1980; O’Leary, 1988; VonFischer et al., 2008) ii) 
atmospheric CO2 (−6.4‰ prior to major industrialization and ~ −9‰ 
currently; Graven et al., 2017) and iii) inorganic carbon from the car
bonate rocks (average 0‰ but can range from +6 to −3‰) (Cacchio 
et al., 2004; Cruz et al., 2006; Johnson et al., 2006; Pacton et al., 2013). 
Changes in the relative contributions from these three sources can cause 
changes in speleothem δ13C values. Shifts in the type of vegetation 
overlying the cave (unlikely during the Holocene; d’Errico and Sánchez 
Goñi, 2003; Desprat et al., 2006; Margari et al., 2014; Sánchez Goñi 
et al., 2008, 2013; Tzedakis et al., 2004), changes in degassing with 
variable drip rates (Mühlinghaus et al., 2007), shifts between open and 
closed system behavior (Fohlmeister et al., 2011; Hendy, 1971), and/or 
variable degrees of dissolution of host rock also impact carbon isotope 
values. 

The soil above BG has average δ13C values of −28.9 ± 0.3‰, the 
vegetation above the cave has an average value of δ13C of −26.8 ±

0.2‰, and the rock has an average value of +3.1 ± 1.0‰ (Denniston 
et al., 2018). These carbon isotope values indicate that the type of 
vegetation above BG cave is dominantly C3 (nominal vales of about 
−27‰; Cerling, 1984; Deines, 1980; Kohn, 2010; O’Leary, 1988; Von
Fischer et al., 2008). The past atmospheric δ13C value can be approxi
mated as ~ − 6.4‰ (Francey et al., 1999). The relative contributions of 
these carbon sources influence the δ13C values of the stalagmite in the 

Fig. 11. Adapted from Bradley et al. (2010). Schematic of vegetation density carbon isotopes at BG cave during A. Wetter conditions and B. Drier conditions. 
Atmospheric CO2 carbon isotope values are pre-industrial values (current values ~ − 9‰; Francey et al., 1999; Graven et al., 2017). Cave δ13Ccalcite values reflect 
representative values from BG Cave (Thatcher et al., 2020). 
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caves differently during wetter and drier conditions (Fig. 11). The iso
topic values of the three components (soil/vegetation, atmosphere, 
rock) are not expected to change under these two climatic conditions, 
however, the δ13C of dissolved inorganic carbon of the percolating water 
is expected to vary due to increased/decreased influences of these three 
components. During wetter conditions, the density of vegetation in
creases (increased NDVI, Fig. 5), minimizing contributions from atmo
spheric CO2 as percolating waters move faster through the karst with 
less PCP (Fig. 11A), decreasing dripwater carbon isotope values. During 
drier conditions, vegetation density decreases as indicated by the 
vegetation index values and PCP also increases (Fig. 5; Fig. 11B; Baldini 
et al., 2005; Fohlmeister et al., 2020; Genty et al., 2003) resulting in 
higher carbon isotope ratios. 

Considering post precipitation processes and kinetic isotope effects 
are important when utilizing stalagmites for paleoclimate studies. At BG, 
evaporation at the land surface and/or kinetic isotope effects may 
impact stalagmite isotope values. If these processes are occurring, they 
would shift isotope values in the same direction as would be expected for 
climate-induced carbon isotope shifts (e.g. evaporation would cause an 
additional increase in δ13C values shifting values in the same direction as 
other dry condition processes). Studies utilizing stalagmites from BG 
cave have relied on replication to evaluate the impacts of equilibrium vs. 
secondary effects, including kinetic and evaporation, on isotopic vari
ability (Denniston et al., 1999; Mickler et al., 2004; Thatcher et al., 
2020). 

5.5. Suitability of BG Cave for paleoclimate studies 

Patterns of cave air temperatures closely follow the patterns of 
outside cave temperatures (Figs. 7 and 9). As described by Wigley and 
Brown (1976), summer temperatures in the cave are buffered by the 
heating of the bedrock, resulting in a steady temperature rise. In winter, 
external air temperature falls and colder, external air can flow into the 
cave. In BG, this pattern of slow, steady temperature rises in the summer 
and more sudden temperature decreases in the fall are apparent from the 
approximately six years of cave monitoring data. 

An ideal cave environment for stalagmites that provide robust 
paleoclimate reconstructions includes consistent temperature and rela
tive humidity as variability in these parameters would complicate pa
leoclimatic interpretations. The range of variability in temperature 
inside BG is 1.04 ◦C throughout the approximately six years of moni
toring making BG suitable for paleoclimate studies. Relative humidity is 
at or near 100% throughout the monitoring period. However, three 
“ventilation events” have been recorded and are evident as times where 
the relative humidity briefly falls below 100% inside of the cave. Since 
these events are short-lived and infrequent, they would not be expected 
to noticeably impact calcite formation. Dripwater temperatures (Fig. 7) 
vary on a similar timescale to the cave air temperature although the 
range is slightly smaller. For two of the three studied winters, the tem
perature of the dripwater did not cool as much as the cave air 
temperature. 

Drip sites displayed constant dripping during the studied years and 
were influenced by seasonal differences in precipitation (Fig. 7). Indi
vidual drip sites show distinct drip rates but similar seasonal patterns. 
The drier time of the year has lower drip rates with a rapid return to 
higher drip rates after fall rains begin (within 1–2 weeks; Fig. 7). This 
implies that water moves into the cave chamber within 1–2 weeks as the 
start of the wetter season saturates the system. This somewhat delayed 
response gives clues to the storage and mixing of water in voids above 
the cave that likely occurs before entering the cave. Without a tracer 
study for this cave system, however, we cannot fully understand the 
complex flow patterns that likely exist including the presence or absence 
of piston flow. 

6. Conclusion 

Changes in atmospheric dynamics, namely the behavior of the AH 
and the associated NAO, drive shifts in vegetation across Iberia. Changes 
to vegetation density above BG have the potential to alter carbon iso
topes in the dripwater and this speleothem carbonate thereby allowing 
for paleoclimate interpretation of carbon isotopes as a paleo- 
precipitation proxy. 

In general, precipitation amount is the dominant factor in δ18O 
values of rain falling across western Portugal, with temperature playing 
a secondary role. However, variability exists between Portugal locations 
as to which is the dominant factor controlling δ18O values of dripwater 
(selective recharge and evaporative fractionation, recharge-weighted 
δ18O value, or local rainfall) and expected impacts vary at different lo
cations based on regional MAT. 

At BG, moisture source effects are also critical. Approximately 89% 
of rainfall over the fifteen months of monitoring at Mira de Aire was 
derived from the North Atlantic Ocean. These Atlantic-sourced precip
itation events are larger and thus likely the dominant influence on 
recharge in the area. As the MAT in BG is 14.3 ◦C, changes in δ18O values 
of the dripwater are strongly related to δ18O values of recharge, pre
dominantly Atlantic-sourced winter precipitation, as predicted by the 
work of Baker et al. (2019). 

The six year cave monitoring program at BG has strengthened our 
understanding of the karst environment in which these speleothems 
have grown and shows that the cave maintains stable temperature and 
relative humidity, and that drips within the cave occur year-round but 
respond to seasonal changes in rainfall. Based on the analyses presented 
here, we suggest that speleothems sampled from BG would primarily 
reflect the past hydroclimate of Portugal. Given its ideal location within 
the center of action of the Azores High (and NAO), this cave is well- 
suited for studying past atmospheric dynamics over recent millennia. 

A main goal of this paper is to evaluate the processes by which 
changes in atmospheric behavior can be recorded in stalagmites from 
western Portugal. A simplified description follows. Changes in the NAO 
index are indicative of changes in AH SLP. When the NAO is positive, 
SLP is higher in the AH and Iberian Peninsula, and thus, regional pre
cipitation amounts are reduced in this region due to changes in the 
trajectory of rain-bearing weather systems. Drier conditions over the 
Iberian Peninsula are associated with higher values of δ18O of the pre
cipitation which are in turn transmitted to cave dripwater and then to 
BG stalagmites. Similarly, reductions in annual precipitation decrease 
vegetation density in Iberia, enhancing the contribution of atmospheric 
and bedrock carbon to cave dripwater (and diminishing that from 
vegetation and soil carbon), and thus elevating carbon isotope ratios. 
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