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We explore the 20th century climate sensitivity of annually resolved carbon and oxygen isotope ratios in five
Pinus uncinata individuals from the upper treeline in ~2400 m asl of the Spanish Pyrenees. Time series of δ13C
and δ18O are calibrated against temperature, precipitation, and drought indices over the period 1901–2009. Neg-
ative correlations of δ13C with summer precipitation and drought indices, as well as positive correlations with
summer temperatures, confirm previous evidence from similar habitats in the Pyrenees. In contrast to this sum-
mer climate signal in the carbon isotopes, the δ18O record reveals mainly negative correlations with spring pre-
cipitation and drought. We explore the coherence between δ13C and δ18O time series derived from individual
trees and assess the influence of widely applied δ13C correction procedures on the climate signal strength. Spatial
correlation patterns and decomposition of the time series into high- and low-frequency components are used to
develop a calibration setup for carbon and oxygen isotope ratios, which will improve long-term climate recon-
structions in a region, where classical tree-ring width and density data are limited.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The influence of temperature on the formation of tree-ring
width (TRW) andmaximum latewooddensity (MXD) iswell known to-
wards altitudinal and latitudinal treelines, where annually resolved
measurements from living trees and relict material allow millennium-
long reconstructions to be developed (Büntgen et al., 2008, 2011;
Esper et al., 2012). Dendroclimatological studies in the European
Mediterranean region reveal temperature-induced growth variations
at high-elevation treeline sites (Gutiérrez, 1991; Camarero et al.,
1998; Tardif et al., 2003), with MXD generally providing more reliable
results in comparison to a reduced sensitivity in TRW (Büntgen et al.,
2008, 2010, 2012).

Stable isotope ratios preserved in xylem cells contain information
on past environmental conditions and became an important proxy in
paleoclimate studies (Helle and Schleser, 2004; Treydte et al., 2007;
Planells et al., 2009; Schollän et al., 2013a). However, the climate–
isotope relationships for trees growing in high elevationMediterranean
environments are much less explored than in the European Alps,
arid regions in the US, or sites in the northern high latitudes, for
+49 6131 39 24735.
r).
example (McCarroll and Loader, 2004; Heinrich et al., 2013). The
13C/12C ratio of pine trees fromdifferent sites in the Spanish Pyrenees re-
vealed positive correlations with June–October temperatures and nega-
tive correlations with June–July precipitation (Andreu et al., 2008;
Dorado-Liñán et al., 2011b), but the associations are relatively weak
compared to evidence from other regions (Dorado-Liñán et al., 2011a).

Dorado-Liñán et al. (2011a) also demonstrated that calibration
studies based on pooled isotope time series (that is the combination
of wood samples before isotopic analysis) may be biased by non-
climatic low-frequency trends. Other work revealed such limitations
to be particularly significant, if the number of pooled trees is b5
(Konter et al., 2013).

We here address these issues, and present 20th century, annually
resolved, time series of individually measured δ13C and δ18O from
five Pinus uncinata trees from high elevation environments in the
Spanish Pyrenees. The measurement series are used to explore the
coherency among trees, and to assess their common climatic signal.
δ13C and δ18O climate signals are evaluated by using instrumental
temperature, precipitation and drought data to achieve a deeper
understanding of the drivers of tree's isotope fractionation in high
elevation environments. Larger scale spatial patterns of climate as
well as the effects of δ13C correction procedures are assessed to eval-
uate the utilization of tree-ring stable isotope data for reconstruction
purposes.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2014.03.021&domain=pdf
http://dx.doi.org/10.1016/j.chemgeo.2014.03.021
mailto:o.konter@geo.uni-mainz.de
http://dx.doi.org/10.1016/j.chemgeo.2014.03.021
http://www.sciencedirect.com/science/journal/00092541
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2. Material and methods

2.1. Study site and sample design

The sampling site is situated at ~2400 m asl near Lake Gerber at the
northern border of the ‘D'Aigüestortes Estany de Sant Maurici National
Park’ in the Spanish central Pyrenees, west of Andorra (Fig. 1). The
prevailing tree species is P. uncinata, which aggregates as a shade-
intolerant conifer in an open forest ecotone (Camarero et al., 1998).
Tree heights vary between 3 and 6 m, and stem circumference at breast
height ranges from 0.80 to 3.38 m. The poorly developed soils accumu-
late in shallow basins and can be identified as skeletal leptosols with no
access to groundwater (Esper et al., 2010). Between-tree distances vary
from2 to 12m and the canopy is sparse (about 10%). Annualmean tem-
perature fluctuates around ~4 °C, with maxima in July (~13 °C) and
minima in January (~−3 °C) (Büntgen et al., 2008). Monthly precipita-
tion totals (mean annual sum at ~1200 mm) are highest in May (12%)
and lowest in July (~6%). Since soils are poorly developed at the
sampling site, only a small amount of snowmelt is stored in reservoirs
accessible to the trees.

A total of 23 P. uncinata trees, growing under similar ecological and
climatological conditions, were sampled for initial TRWmeasurements.
Four cores per tree were extracted in a radial configuration at breast
height, two parallel and two perpendicular to the slope.
2.2. Stable isotope ratio measurements

For stable isotope measurements, a subset of five trees was selected
and each tree-ring from 1901 to 2009 dissected using a scalpel (Leavitt
and Long, 1984). Two cores per tree were used and combined to
develop five annually resolved wholewood time series spanning the
1901–2009 period. Theα-cellulose was extracted from the wholewood
samples following procedures detailed in Wieloch et al. (2011). The
α-cellulose samples were homogenized by using an ultrasonic device
(Laumer et al., 2009), freeze dried prior to analyzing (1) 13C/12C ratios
using an IsoPrime Isotope Ratio Mass Spectrometer (IRMS) with an
interfaced elemental analyzer, and (2) 18O/16O ratios using a TC/EA
pyrolysis furnace (Thermo Finnigan) coupled online to a Delta V
Advantage IRMS. Both devices were operated in continuous flow
mode, allowing combusting (carbon) or pyrolizing (oxygen), purifying
and transporting the sample on a continuous carrier gas flow at the
GFZ in Potsdam. The isotope ratios are expressed in the conventional δ
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Fig. 1. Pinus uncinata study site at lake Gerber (right)
notation and in parts per thousand (‰), relative to the VPDB (Vienna
Pee Dee Belemnite) standard for carbon (δ13C) and the VSMOW
(Vienna Standard Mean Ocean Water) standard for oxygen (δ18O)
(Craig, 1957). Sample replication resulted in a reproducibility of ±0.1‰
for δ13C and ±0.25‰ for δ18O.

2.3. Time series analyses and corrections

All tree-rings were crossdated and assigned to calendar years,
starting with the most recent, fully developed increment in 2009 (trees
were sampled in summer 2010). TRWwas measured with an accuracy
of 0.01 mm using a LinTab measurement device and TSAP software
(Rinn, 2007). TRW crossdating was verified by using COFECHA
(Holmes, 1983), and different detrending methods (Regional Curve
StandardizationRCS, 100-year spline) appliedusing theARSTANprogram
(Cook, 1985; Esper et al., 2003).

2.3.1. Tree-ring carbon isotopes
Photosynthetic discrimination of 13CO2 against 12CO2 is related to

the ratio of leaf internal to external CO2 partial pressure (Ci/Ca), jointly
controlled by the stomatal conductance and rate of CO2 assimilation
(Farquhar et al., 1982). Since changes in the atmospheric carbon isoto-
pic source signal are reflected in the tree-ring cellulose, these trends
need to be removed in climate studies (Farquhar et al., 1982; Treydte
et al., 2009). Accordingly, all tree-ring δ13C values were corrected to
account for the depletion of 13C in the atmosphere's CO2, due to the
burning of fossil fuels and deforestation since ~AD 1850, and resulting
values termed δ13Catm.

Exposure to increasing atmospheric CO2 also leads to changes in
internal CO2 concentrations of the needles, resulting in adaptations of
stomatal conductance, water-use-efficiency, and photosynthetic assim-
ilation rate (Farquhar et al., 1982). These processes require consider-
ation before assessing climate–isotope relationships (McCarrol et al.,
2009; Treydte et al., 2009; Schubert and Jahren, 2012), and are here
corrected considering fixed amounts of isotope fractionation per unit
CO2 increase, following procedures detailed by Feng and Epstein
(1995) based on oak tree greenhouse studies, and Kürschner (1996)
based on juniper, pine and oak studies in SW-USA and Egypt. Applica-
tion of the Feng and Epstein (1995) correction alters the δ13Catm time
series by a factor of 0.02‰ per ppm CO2 change (resulting time series
termed δ13CFE), which is quite sizeable compared to the Kürschner
(1996) correction of 0.0073/ppm CO2 (hereafter δ13CK). These
located in the Spanish Pyrenees (left, triangle).
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corrections, however, nicely match the envelop of CO2-effects in
C3-plants for CO2 concentrations from 280 to 400 ppm detailed
Schubert and Jahren (2012). The so-called pin-correction (McCarrol
et al., 2009) was applied, but did not significantly modify the data (be-
cause of a slight upward trend in the δ13Catm data) and therefore is not
discussed further.We high- and low-passfiltered the δ13Catm, δ13CK, and
δ13CFE time series by using 20-year cubic smoothing splines for the
assessment of coherence among tree-ring parameters.
2.4. Meteorological data and climate signal detection

All tree-ring time series, TRW, δ18O, δ13Catm, δ13CK, and δ13CFE, were
correlated against monthly temperature, precipitation, and Palmer
Drought Severity Index (PDSI) data. We used temperature readings
from the Pic du Midi mountain observatory (2862 m, 43°04′N, 0°09′E),
gridded precipitation totals from the Climate Research Unit (TS 3.1;
Mitchell and Jones, 2005), and gridded PDSI data from the University
Corporation for Atmospheric Research (Dai et al., 2004). In addition to
this widely applied drought index, we also considered a self-calibrated
PDSI dataset (scPDSI), which according to van der Schrier et al. (2006)
provides a more realistic estimation of the occurrence of extremes at a
higher spatial resolution. When computing correlation coefficients be-
tween proxy and instrumental target data, we adjusted the degrees of
freedom considering the varying autocorrelations inherent to the time
series by using:

DF ¼ N
.
1þ a1 � a2
1−a1 � a2

with N representing the number of values (time series length), a1 the
autocorrelation of series 1 (proxy data) at lag 1, and a2 the autocorrela-
tion of series 2 (target data) at lag 1.
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Fig. 2. Stable isotope and ring width data. (A) Uncorrected δ13Craw measurement series (gray
(C) detrended TRWRCS chronology (black) and selection for isotopic measurements (brown).
this figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. Carbon isotope ratios

The δ13Craw measurement series include an offset of 2.24‰ (mean
values range from −24.02‰ to −21.78‰) and display a decreasing
trend over the 20th century visible in all five samples (Fig. 2). This de-
cline is related to the non-climatic δ13C trend in atmospheric CO2 and re-
moved in the δ13Catm data (Fig. 3). The δ13CK and δ13CFE chronologies,
considering additional effects of the increasing CO2 concentration on
the tree's metabolism, show overall increasing trends towards present.
The strongest such trend is retained in the δ13CFE data as a result of po-
tentially severe influences on the carbon isotope fractionation during
photosynthetic uptake.

The estimation of climate signals considers all three δ13C datasets
(δ13Catm, δ13CK and δ13CFE), thereby emphasizing potential differences
due to the correction procedures (Fig. 4). δ13C climatic signals are
most distinct during the summer season, with the June–August season
(JJA) displaying the highest positive correlation (p b 0.001) for temper-
ature, and negative correlation for precipitation. Themaximum season-
al response to drought varies from July–September (JAS) for PDSI, to
August–September (AS) for scPDSI. The differences between these var-
ious seasons appear rather small, and can perhaps be summarized as a
broader summer season signal. Highest correlations are found between
summer temperature and δ13CFE (r = 0.57), followed by δ13CK (r =
0.50) and δ13Catm (r = 0.39). While the same order from stronger to
weaker correlations (δ13CFE N δ13CK N δ13Catm) is obtained when cali-
brating against PDSI, this pattern changes when calibrating against
summer precipitation: δ13Catm (r = −0.50), followed by δ13CK (r =
−0.45) and δ13CFE (r = −0.34).

These results are supported by the southern European correlation
fields indicating close associations with the western Mediterranean
coastal areas, from Italy to France, Spain and Northern Africa, during
the summer months. Calibration against previous year instrumental
data revealedmore heterogeneous and less strong correlations. Previous
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year precipitation correlates significantly only during September with
δ13Catm and δ13CK. Previous year temperature, scPDSI and particularly
PDSI, all show significant correlations during various months and sea-
sons (Fig. 4), thereby indicating possibly associated autocorrelation
and low-frequency trends inherent to the data, presumably caused by
storage of assimilates during the winter seasons and incorporation
into subsequent rings.

The correlations with target climate data increase when shortening
the calibration period (starting at 1941, Fig. 6), a feature related with
the sparser and less reliable early 20th century meteorological network
(Wijngaard et al., 2003). We here focus on the relationship with tem-
perature and precipitation, since the incorporation of soil moisture in
the drought indices leads to high autocorrelations, causing severe re-
ductions of degrees of freedom. Highest correlation is found between
temperature and δ13CFE (r = 0.63), since both time series include simi-
lar low-frequency variations (δ13CFE N δ13CK N δ13Catm). Although both
the proxy and instrumental time series include fairly high autocorrela-
tions (0.38 in temperature and 0.75 in δ13CFE, at lag-1), the values re-
main significant (p b 0.001) after reduction of the degrees of freedom
for serial correlation effects. The absence of low-frequency trends
in δ13Catm leads to lower but still significant values (p b 0.01) when
correlated with temperature. In contrast, since the precipitation data
are effectively free of low-frequency trends (lag-1 autocorrelation is
0.09), δ13Catm shows the strongest coherence (r = −0.64, p b 0.001).
3.2. Oxygen isotope ratios

The δ18O mean values of the individual time series range by 2.52‰,
from 30.12‰ to 32.65‰, which is even exceeding the offset recorded
in δ13Craw. Also the variance is higher (sd = 0.65 compared sd = 0.39)
indicating the influence of fluctuating source water isotopic composi-
tions together with fractionation processes at the leaf level.

The season of strongest response to temperature and precipitation is
shifted towards spring (Fig. 4), a finding deviating from the commonly
reported JJA signal in European tree sites (Treydte et al., 2007; Saurer
et al., 2008). Particularly the climatic conditions in May appear influen-
tial, reaching r = 0.33 for temperature and r = −0.24 for precipitation.
The season from January to June displays the strongest negative
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CRU TS 3.1 precipitation, PDSI, and scPDSI. Maps are computed using the KNMI climate explor
marked with a black star. (For interpretation of the references to color in this figure legend, th
correlationwithprecipitation (r=−0.39). Except for the earliestmonths
of the year, the association between δ18O and climate is generally weaker
compared to δ13C, a finding supported by the spatial correlation patterns
over the Mediterranean area (Fig. 5).

The reduced calibration period 1941–2009 (Fig. 6) exhibits a
strengthened correlation with temperature (r = 0.43, p b 0.001), only
slightly larger than the relationship with precipitation (r = −0.35,
p b 0.01). Autocorrelation is overall lower (0.21 at lag-1) compared to
the δ13C data, and it is clearly evident that high temperature and low
precipitation result in increased δ18O values. A spring–summer drought
signal is recorded in both the monthly correlations (Fig. 4) and spatial
fields (Fig. 5).
4. Discussion

4.1. Carbon isotope ratios

Comparisonwith regional instrumental data revealed that all investi-
gated climate parameters display higher coherences with δ13C thanwith
TRW (e.g. Büntgen et al., 2008; Dorado-Liñán et al., 2011b). These results
were achieved, even though the Expressed Population Signal (EPS;
Wigley et al., 1984; see Fig. S1) is higher and more stable in TRW than
in the isotope datasets. The main climate signal reflected in the TRW
can be attributed to water availability, here expressed as PDSI (r =
0.34, 1901–2009 period).

The positive correlationwith summer temperature and negative cor-
relation with precipitation revealed for δ13C support previous findings
based on fewer data and other species (Treydte et al., 2007; Andreu
et al., 2008; Saurer et al., 2008; Dorado-Liñán et al., 2011b), and theoret-
ical background (Helle and Schleser, 2004; Schollän et al., 2013b).
The timing of cell formation is influenced by several intrinsic factors in-
cluding gene expression (Schrader et al., 2004) and hormonal signals
(Schrader et al., 2003), as well as environmental factors. While in the
Mediterranean area cambial activity is temporally less constrained and
frequently even characterized “double-stress” during summer and win-
ter (Cherubini et al., 2003), xylem formation in our high elevation site
takes place during thewarm and snow-free season including all summer
months. Although greenhouse studies indicated negative temperature
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coefficients (Schleser et al., 1999), the higher temperatures recorded in
natural environments result in positive correlations. Particularly in the
Mediterranean, high temperatures are usually accompanied with high
vapor-pressure deficits, and the resulting stomatal closure therefore
leads to an enrichment of 13C and increasing δ13C (Linares et al., 2009).
In contrast, precipitation events lead to reduced water vapor pressure
deficits between the needles and ambient air, enabling trees to open
their stomata more widely. The lower temperatures, typically accompa-
nying summer season rain events, result in additionally reduced CO2

assimilation rates.
As a consequence, increased leaf-internal CO2 concentrations and

depleted 13C of assimilates drive the significant negative correlations
between tree-ring δ13C andmoisture conditions during boreal summer.
As summer temperature and precipitation are anti-correlated, both
elements show a strong and distinct coherence with δ13C, though sepa-
ration of these two factors remains challenging (Schleser et al., 1999;
Edwards et al., 2000). This dilemmamight best be compensated by con-
sidering the drought indices, PDSI and scPDSI, integrating temperature
and precipitation (and soil water capacity).

To account for the Suess effect, McCarroll and Loader (2004) pro-
posed a simple correction method, using the residuals of annually
resolved δ13C values of CO2, and applying these differences to the tree-
ring δ13Craw data (Fig. 3). As a consequence, the interseries correlation
of the corrected δ13Catm data drops from r = 0.59 to r = 0.52, due to
the removal of the common, decreasing low-frequency trend in the
single measurement series. The correction procedures accounting for
increasing atmospheric CO2 concentrations (δ13CK and δ13CFE) add addi-
tional low-frequency trend to the data, and, consequently, between-
tree correlation values increase from r = 0.65 for δ13CK to r = 0.83 for
δ13CFE.
To date the procedure of correcting trends in tree-ring δ13 is amatter
of debate within the isotope community, and there is no consensus on
which of the methods reflect the fractionation processes within trees
most effectively (Treydte et al., 2001, 2007; Saurer et al., 2008;
Schubert and Jahren, 2012). Our results show that the varying low-
frequency trends added to the data not only alter the interseries corre-
lation among trees, but also affect the correlations between carbon iso-
tope records and climate variables. The derived correlation patterns
(δ13CFE N δ13CK N δ13Catm) suggest a relatively strong CO2 effect on
trees growing high elevation sites in the Spanish Pyrenees.

The varying correction procedures are also reflected in changing lag-1
autocorrelations, increasing from 0.27 in δ13Catm to 0.49 in δ13CK and 0.76
in δ13CFE, and in line with the 20th century temperature trend recorded
in the study region (Fig. 6). The seemingly negative effects of increased
autocorrelations on the degrees of freedom, when associating proxy
with temperature data, make a clear distinction of the most appropriate
correction procedure challenging.

The offset between individual δ13C tree-ring series remains unal-
tered by the correction procedures, since each tree is treated equally.
The substantial offset among trees (N2‰) is largely persistent through-
out the 20th century. The high interseries correlation among the indi-
vidual trees (δ13Craw = 0.59) and the coherent growing conditions
suggest that potentially varying climate signals cannot account for the
recorded δ13C offset among trees. The offset is rather caused by genetic
differences in water-use efficiency and/or differing soil properties and
rooting depths at the micro-site scale. The offset reported here also re-
inforces the importance of developing individual instead of pooling
proxy series, as well as considering detrending techniques (Treydte
et al., 2009; Esper et al., 2010; Dorado-Liñán et al., 2011a; Schollän
et al., 2013b).
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4.2. Oxygen isotope ratios

The oxygen isotopic composition in tree-rings is controlled by the
isotopic composition of the water taken up via the roots, originating
from precipitation in sites with no access to ground water, as well as
the subsequent enrichment processes and biochemical fractionations
in the needles and stem (Roden et al., 2000; Saurer et al., 2008). While
the composition of meteoric H2O is mainly driven by temperature in
theMediterranean region (Rozanski et al., 1993), leaf water enrichment
is controlled by air humidity, and it is therefore expected that tree-ring
δ18O reflects a combination of these influences. A fraction of the leaf
water enrichment is lost again when sucrose, transported from the
needles to the stem, is broken up into trioses during cellulose formation
and exchange of oxygen with xylem water (Roden et al., 2000). Based
on these processes, positive correlations to temperatures and negative
correlations air humidity, precipitation, and drought are expected, and
were indeed observed in this study. In the absence of distinct low-
frequency trends in the δ18O time series, highest correlations were
found with May temperature and Jan–Jun precipitation.

Accordingly, the climatic conditions during spring and early summer
appear to be a key for the oxygen isotopic composition at the study site.
Winter temperatures in our treeline site are persistently below 0 °C.
Precipitation during this season generally falls as snow, while tempera-
tures in May often exceed 0 °C providing liquid water from snowmelts.
These conditions can cause an apparent lag between the months of
greatest influence on δ18O, and the months when tree growth occurs
(Ehleringer and Dawson, 1992; Holzkämper et al., 2008).

The Pyrenees receive highest precipitation totals in spring, while the
subsequent months are dryer. Consequently, the availability of liquid
water at a higher temperature level enhances photosynthesis and stim-
ulates cambial activity, resulting in the formation of primary early-
wood cells (Rossi et al., 2008). Sincewater storage inside the stemduring
winter, at temperatures below 0 °C, bears the risk of cell destruction due
to volume expansion of frozen water, trees in this area likely absorb as
much liquid water as possible in the early spring season. Consequently,
the isotopic composition of spring precipitation is of major importance
for the signal incorporated in the cellulose.
year 
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Although the observed relationships are therefore reasonable, the
δ18O interseries correlation (r = 0.39) is weaker compared to δ13Craw
(r = 0.59), a circumstance that could be related to the more complex
operational sequences influencing tree-ring δ18O, including source
water effects, leaf-level fractionations, and equilibrium reactions during
assimilate transport (Treydte et al., 2007; Saurer et al., 2008). In addi-
tion, the mixed seasonal influences as discussed above may be a reason
for lower correlations observed in theMediterranean compared tomore
temperate, wetter regions.

4.3. Parameter coherency

Coherence between the two isotopic datasets is low, in contrast to
results reported by Treydte et al. (2007) for a number of European forest
sites. The δ13Catm and δ18O time series are non-correlated (r =−0.09),
and no association is recorded when high-pass filtering the data (r =
0.02) (Fig. 7). Using a 20-year low-pass filter, however, results in a
negative though not significant correlation (r = −0.44) revealing that
the P. uncinata δ13Catm and δ18O chronologies share common variance
at decadal to multi-decadal time scales.

5. Conclusions

Carbon isotope ratios from five high-elevation P. uncinata trees in the
Pyrenees reflect a significant summer temperature signal over the
1941–2005 period. This signal enables the reconstruction of JJA temper-
atures over thewesternMediterranean region. Correcting carbon isotope
values for effects caused by increasing atmospheric CO2 concentrations,
adds low-frequency trend to the proxy data, which has an impact on es-
timating the climate signals. In subsequent climate reconstructions, the
under/overestimation of adaptation processes within trees could lead
to deceptive results. Consequently, correction methods have to be car-
ried out with caution, since it is unclear, which procedure best reflects
the natural adaptation of the treeline pines in the Spanish Pyrenees
(Treydte et al., 2001; Saurer et al., 2008; Treydte et al., 2009).

The oxygen isotope fractionation in these trees is shown to be sensi-
tive to spring precipitation and drought, indicating good potential for
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the reconstruction of hydroclimate in the Pyrenees. However, the oxy-
gen isotope signal is not just determined by one single factor, and differ-
ent seasonalities introduced by the soil water on the one hand and
evaporative enrichment on the other hand, result in more complicated
information encoded in this parameter (Treydte et al., 2007; Saurer
et al., 2008; Dorado-Liñán et al., 2011a). Nevertheless, measurements
of both δ13C and δ18O from P. uncinata in the Spanish Pyrenees offer
good complementary proxy data to evaluate and reconstruct past cli-
matic variations representative for the western Mediterranean region.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2014.03.021.
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