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A B S T R A C T   

Atmospheric radiocarbon (14C) recorded in tree rings has been widely used for atmospheric 14C calibration 
purposes and climate studies. But atmospheric 14C records have been limited along tropical latitudes. Here we 
report a sequence from 1938 to 2007 of precisely measured 14C dates in tree rings of the parenchyma-rich 
Hymenolobium petraeum tree species (Porto Trombetas, 1◦S, 56◦W) from the Central Brazilian Amazon. 
H. petraeum has discernible growth ring boundaries that allow dating techniques to be employed to produce 
calendrical dates. Bomb-peak tree-ring 14C reconstruction coincides with the broader changes associated with 
reported values of the Southern Hemisphere atmospheric 14C curve (SH zone 3; values within the ±2σ interval), 
suggesting that inter-hemispheric air-mass transport of excess-14C injected into the stratosphere during intensive 
atmospheric nuclear tests is relatively uniform across distinct longitudinal regions. From the early 1980s on
wards, H. petraeum had lower 14C values than other pantropical 14C records. Through 14C-based estimation, we 
found a strong influence of fossil-fuel CO2 contributions from Porto Trombetas mining operations and shipping 
traffic on inland waterways. An increase of at least 6.3 ± 0.8 ppm of fossil-fuel CO2 has been detected by 14C. Our 
findings invite further 14C analyses using tree rings of tropical tree species as a potential tracer for a wide range of 
environmental sources of atmospheric 14C-variability.   

1. Introduction 

Annual tree rings are essential for paleoclimate (Vuille et al., 2012; 
Morales et al., 2020) and atmospheric radiocarbon (14C) reconstructions 
(Hogg et al., 2020; Reimer et al., 2020; Hua et al., 2021). After thorough 
cellulose extractions and 14C measurements, dated tree rings can pro
vide information about atmospheric circulation, ocean-atmosphere CO2 
exchange, and cosmogenic events, among others (Hua et al., 2012; 

Rodgers et al., 2011; Brehm et al., 2021). Past atmospheric 14C re
constructions based on tree-ring measurements are still limited and 
concentrated at the extratropical regions (Reimer et al., 2020), being 
almost null along equatorial latitudes. 

The convergence of trade winds of both hemispheres occurs along 
the Equator, creating an asymmetric zone of low atmospheric pressure 
called the Tropical Low-Pressure Belt (TLPB), also referred to as the 
intertropical convergence zone (Hua et al., 2021) (Fig. 1). In tropical 
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South America (SA), the December-to-February-TLPB (DJF-TLPB, or SH 
Zone 3, as defined by Hua et al., 2021) is associated with the summer 
monsoon, which modulates precipitation and temperature across this 
region (Vuille et al., 2012). The scarcity of atmospheric 14C records 
across the TLPB has been associated mostly with the difficulty of finding 
annual resolved tropical tree-ring archives suitable for atmospheric 14C 
reconstructions. While recent studies in dendrochronology have re
ported an increased number of successful tree-ring chronologies in the 
tropical regions (Brienen et al., 2016), problems persist in determining 
tree species’ annual ring formation using conventional approaches (e.g., 
Wils et al., 2009; Herrera-Ramirez et al., 2017; Baker et al., 2017; Haines 
et al., 2018; Santos et al., 2021). Hence, it is paramount that selected 
tree species and sites undergoing 14C reconstructions be properly eval
uated by independent robust dating techniques (Andreu-Hayles et al., 
2015; Linares et al., 2017; Santos et al., 2020, 2021; Hua et al., 2021), 
before 14C time-series can be derived. 

Tropical tree species often have parenchyma-rich wood. The main 
function of parenchyma tissues is to store and mobilize nonstructural 
carbon (NSC), such as soluble sugars and starches. Early studies on tree- 
ring 14C data show the presence of NSCs biasing 14C signatures, when 
chemical extractions employed failed to isolate structural cellulose (Cain 
and Suess, 1976; Worbes and Junk, 1989). A recent work by Slotta et al. 
(2021) states that slow-turnover NSCs embedded in parenchyma-rich 
structural cellulose can significantly bias 14C results, putting into ques
tion the use of several woody species found across TLPB for atmospheric 
14C reconstructions. 

Here, we investigate the atmospheric 14C levels recorded by the 
parenchyma-rich tree species Hymenolobium petraeum (Porto Trombetas; 
1◦S, 56◦W, Fig. 1) in the Central Amazon. While working with Hyme
nolobium mesoamericanum from Costa Rica, Fichtler et al. (2003) have 
suggested distinct annual growth rings, and open the possibility of 
investigating other Hymenolobium tree species. Linares et al. (2017) 
conducted 14C analyses using the H. petraeum tree shown in this study. 
Based on 14C measurements of eight calendar years, spread out between 
1950 and 1997, they indicated that this tree species undergoes annual 
growth. Therefore, we expect that by producing a high-resolution 14C 
record for the middle-eastern area of the Amazon Basin based on 
H. petraeum tree rings, we will be able to i) establish the extent to which 
our chemical cellulose extractions are capable of producing 
high-resolution 14C data of parenchyma-rich tree species; ii) compare 
the 14C signatures of dated tree rings of H. petraeum against those of 
atmospheric calibration curves, which would allow us to assess the 
reliability of using tropical woods for extending atmospheric 14C data
sets; and finally, iii) add information on environmental dynamics (e.g., 
TLPB variability and human activities) over tropical SA from the bomb 
and post-bomb periods. 

2. Status of bomb and post-bomb atmospheric 14C datasets 
across TLPB 

The large-scale above-ground thermonuclear bomb tests carried out 
in the Northern Hemisphere (NH) almost doubled the tropospheric Δ14C 

level during early 1960s from its natural values. Peak maximums close 
to 1000‰ in Δ14C were observed between 1963 and 1964 in the NH, 
while an excess of about 670‰ was detected in the Southern Hemi
sphere (SH) during 1965. Once the Partial Test Ban Treaty of 1963 was 
signed, tropospheric 14C started decreasing, mainly through air-sea ex
change, biosphere uptake, and dilution by 14CO2-fossil emissions. Large 
differences in hemisphere peak values were attributed to atmospheric 
transport within hemisphere mixing cells. Thus, five 14C zones (three in 
the NH—e.g., NH Zone 1, NH Zone 2, and NH Zone 3—and two in the SH 
– SH Zone 1–2 and SH Zone 3) have been defined (Hua et al., 2003). 
Current atmospheric 14C compilations for the zones close to the Equator, 
i.e., NH Zone 3 and SH Zone 3, are still highly incomplete (Fig. 1), as 
they are based on shorter datasets and fewer locations. 

In a recent global compilation (Hua et al., 2021), the 
intra-hemispheric NH Zone 3 14C curve indicates the content of two 
tree-ring datasets (Mandla, India, at 23◦N, 81◦E [1955–1970] and Doi 
Inthanon, Thailand, at 18◦N, 98◦E [1950–1972]) and one atmospheric 
station (Debre Zeit, Ethiopia, at 8◦N, 38◦E [1963–1969]). A single 
dataset from Muna Island, Indonesia (5◦S, 122◦E [1950–1979]), has 
been the baseline for the entire atmospheric 14C intra-hemispheric SH 
Zone 3 (DJF-TLPB). SH Zone 3 has been delimited to a region comprised 
between the equatorial line and the SH portion of the entire TLPB area 
(Fig. 1). Over SA, SH Zone 3 includes most of the Amazon Basin. As yet, 
no SA dataset at lower latitudes has been produced to reveal east-west 
14C offsets across the TLPB line. On the other hand, a couple of atmo
spheric 14C records from the mid-latitudes over SA—Camanducaia, in 
Brazil (22◦50′S, 46◦04′W [1950–1997]; Santos et al., 2015), and Irru
putuncu, Altiplano, in Chile (20◦S, 68◦W [1950–2014]; Ancapichún 
et al., 2021)—have been added to help establish the TLPB boundaries 
(Fig. 1). 

From 1972 onwards, all datasets in the SH have been combined into 
a single compilation to represent atmospheric 14C distributions from 
latitudes ranging from 0 to 90◦S. In addition, the global atmospheric 14C 
compilation assumes that within each hemisphere tree species growth 
always falls during the same summer season (e.g., in the NH [June
–August] and in the SH [December–February]). While many sites within 
the TLPB experience little seasonal variation, they can have divergent 
rainy and dry seasons (Michot et al., 2018), which can directly affect the 
growing season. Therefore, the current compilations of NH Zone 3 and 
SH Zone 3 do not contain enough information to define internal controls 
of 14C offsets across TLPB, such as different regional atmospheric cir
culation patterns and/or intra-annual temporal offsets due to growing 
season distinctions. 

3. Structural ring cellulose and nonstructural carbohydrates 

NSCs are products of plant photosynthesis. They consist mainly of 
mobile sugars and immobile starch and lipids. Once NSCs are formed, 
they are assimilated to produce new tissues, used in metabolic processes, 
or set aside for future use. Although the functional role of NSC storage 
and its regulation is not fully understood (Hoch, 2015), the NSCs levels 
in wood plant are considered an important indicator of plant capacity to 

Fig. 1. Locations of Δ14C records used in our study: 
Porto Trombetas (Hymenolobium petraeum; 1◦S, blue 
dot; this study); Altiplano (Polylepis tarapacana; 20◦S, 
red dot; Ancapichún et al., 2021); Indonesia (Tectona 
grandis; 5◦S, green dot; Hua et al., 2012); and 
Camanducaia (Araucaria angustifolia; 22◦S; magenta 
dot; Santos et al., 2015). Shaded pink and light blue 
lines represent the average latitudinal positions of 
JJA-TLPB and DJF-TLPB (obtained from Hua et al., 
2021), respectively. The Equator is shown with the 
white dotted line. (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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carbon-stress events (Martínez-Vilalta et al., 2016). As for NSC storage 
amounts in tree stems alone, they are broadly estimated by the per
centage of ray and axial parenchyma (Plavcová and Jansen, 2015) and 
the presence of living fibers (Plavcová et al., 2016). While parenchyma 
cells can vary considerably among tree species worldwide, they are more 
abundant in tropical than in temperate trees (Alves and 
Angyalossy-Alfonso, 2002; Wheeler et al., 2007; Spicer, 2014; Morris 
and Jansen, 2016; Morris et al., 2016). 

Plant parts known to contain slow-remobilized NSCs (or “aged” 
NSCs) are the shoots and roots (Gaudinski et al., 2009). Richardson et al. 
(2013, 2015) demonstrated that extractable NSCs contained within stem 
wood can be older than their structural cellulose counterpart where they 
are originally stored. However, their findings also suggested that even 
trees containing aged NSCs would prefer to form structural cellulose 
from comparatively recent photosynthetic carbon (i.e., <1 year old; 
Richardson et al., 2015). Therefore, it is important to distinguish be
tween NSCs and structural cellulose chemical processing, plant parts, 
types of measurements, and results, when comparing different studies 
and their main goals. 

Works stating that stem wood tissue is formed by a mixture of fast- 
and slow-remobilized NSCs were based on isotopic measurements of 
chemically untreated (Keel et al., 2006; Mildner et al., 2014) or mini
mally treated wood (acid-base-acid; Trumbore et al., 2015). Even 
though soluble (sugars) and insoluble (starches) 14C results appear aged 
in Trumbore et al. (2015), those from minimally treated woods matched 
with atmospheric 14CO2 records due to effective removal of NSC ex
tracts. For highly resolved post bomb 14C excursions of precisely dated 
tree-ring chronologies of pantropical tree species, studies have shown 
that both alpha-cellulose or holocellulose extractions work well to 
isolate structural carbon: e.g., Araucaria angustifolia (Santos et al., 2015, 
Fig. 1), Auracaria araucana (Hadad et al., 2015), and several Cedrela 
species reported in Baker et al. (2017). In sum, 14C measurements of 
specific NSCs (sugars and starches) show the turnaround time of carbon 
reserves (Carbone et al., 2013), while structural cellulose extracts 
(alpha-cellulose and/or holocellulose) indicate the time of tissue for
mation (Santos et al., 2021). 

4. Material and methods 

4.1. Tree species and site characteristics 

Trees of Hymenolobium petraeum Ducke (Leguminosae) are big, 
reaching up to 40 m in height and 1 m in diameter at breast height. They 
grow in the Amazon forest and have as vernacular names angelim, 
angelim-pedra, faveira-branca, angelim-escamoso, and angelim-do- 
mato (Flora do Brasil 2020, 2021). H. petraeum wood is heavily 
exploited in Brazil (Farani and Oliveira, 2019; Brandes et al., 2020) 
because of its natural beauty and excellent mechanical properties 
(Mainieri and Chimelo, 1989). 

The wood samples analyzed here are from a single tree of 
H. petraeum, recorded by the number NITw723 in the Wood Collection of 
the Niterói Herbarium (Xiloteca do Herbário de Niterói). The samples 
were collected in April 2008 at Porto Trombetas, a district of Oriximiná, 
Pará State, Brazil (1◦27′59′′S, 56◦22′45′′W) (Fig. 1). The climate pattern 
in the region is the tropical monsoon (Am by Köppen’s climate classi
fication) (Alvares et al., 2013) with a dry season. The rainy season runs 
from December through May (Michot et al., 2018). Yearly rainfall is 
typically 2260 mm. The annual temperature minimum and maximum 
are 21.8 ◦C and 32.7 ◦C, respectively (Fig. S1). 

Axial parenchyma abundance in H. petraeum wood stem can consti
tute a large part of this wood (>25%), with thick bands well supplied 
with the axial paratracheal confluent parenchyma (Mainieri and Chi
melo, 1989; Ferreira and Hopkins, 2004; Botosso, 2009) (Fig. 2A and B). 
Distinct annual growth rings are delimited by marginal axial paren
chyma (Mainieri and Chimelo, 1989; Ferreira and Hopkins, 2004) 
(Fig. 2B). 

In accordance with other studies (e.g., Hua et al., 2003; Turney et al., 
2018), a single tree species may not be regarded as a traditional 
candidate to be used for dendrochronology dating due to lack of repli
cation (Linares et al., 2017), it qualifies for post-bomb atmospheric 14C 
reconstructions where data is lacking, if the tree-ring chronology has 
been found adequate. Here, several actions were taken to ensure that the 
assigned calendar years of H. petraeum were correct (section 4.2), and a 
high-quality 14C time series could be derived (section 4.3). 

4.2. Tree-ring dating and 14C wood sampling 

In the field, two radii were obtained from a cross (transverse) section 
of a H. petraeum stem (Figs. S2A and B). Once in the laboratory, the two 
radii were polished using sandpaper with progressive granulometry 
(80–1200 grit size) for microscopic observation. Growth-ring bound
aries were detected through a stereomicroscope (Olympus SZ11), while 
images were taken by a photographic camera (Olympus C5050) 
attached to the same stereomicroscope and by a scanner (HP Scanjet 
2400) with 1200 dpi resolution. Preliminary calendar dates were 
assigned to the rings using dendrochronological techniques, starting 
from the last growth ring and moving inward to the center of the tree, 
following the Schulman convention for the SH (Schulman, 1956). For 
more details refer to figures S3 and S4, and legend of table S1. We 
measured tree-ring width with CooRecorder v9.4 software and 
cross-dated the series with CDendro v9.4 software (Cybis Elektronik and 
Data AB) (Maxwell and Larsson, 2021). We performed running corre
lations (40-year time windows, 1-year offsets, Pearson correlation) be
tween radii to evaluate the consistencies of growth patterns within the 
tree (Fig. S5). 

For 14C tree-ring analysis, a strip of wood approximately 1 cm wide 
was cut from each provisional dated sample (Fig. S2C), followed by an 
individual sampling of each ring under a stereomicroscope (Fig. S2D). 
The maximum tissue of each growth ring was attained by precise cuts 
close to the individual boundaries. Exceptions occur at two sequences of 
the radii, and their associated 14C results will be addressed later. Each 
ring (sample) was further sliced in the radial plane to reduce its 
dimension (Fig. S2E), conditioned in an Eppendorf vial labeled with the 
calendar year determined by dendrochronological techniques. Further 
cuts to produce replicates of “raw” wood were obtained at the Keck 
Carbon Cycle Accelerator Mass Spectrometer at the University of Cali
fornia Irvine (KCCAMS/UCI) by holding each tree ring in a miniature 
table vise (TTC 77T 2-1/2′′ Jaw Width, 3-1/2′′ Jaw Opening) and using a 
hand saw (DEWALT 6 in. Jab Saw). While this type of cutting is complex, 
accurate separation of full tree rings was also attained (Fig. S2F). 

Fig. 2. Anatomical views of H. petraeum wood through A) 3D wood represen
tation, and B) cross-section view detailing anatomical features – predominance 
of paratracheal axial confluent parenchyma making bands (blue arrows) and 
marginal axial parenchyma (white arrows) delimiting tree rings. (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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4.3. High-precision 14C measurements 

To attain accurate and precise 14C values, all samples must undergo 
specific protocols, including reference materials subjected to the same 
procedures. Subfossil wood (FIRI-H), post-AD 1950 14C barley mash 
(FIRI-J), and 14C-free wood blank (AVR-07-PAL-37) were chosen for 
quality control and background corrections of the alpha-cellulose 
chemical extractions (Santos et al., 2020, 2021), and for subsequent 
sample processing to filamentous graphite (Santos and Xu, 2017). 

Tree rings, as well as reference materials, were chemically processed 
at two laboratories: the KCCAMS/UCI and the Lamont Doherty Earth 
Observatory (LDEO). Both laboratories conducted alpha-cellulose ex
tractions using their own procedures. Differences can be summarized as 
follows: At KCCAMS/UCI, tree rings and reference materials were 
chemically treated in pre-baked 13 mm culture tubes after samples were 
carefully reduced to chips and re-weighed. Wood losses during cutting 
were <3%, even though H. petraeum is incredibly dense and difficult to 
cut. Wood chips were then subjected to cycling 1 N HCl and NaOH at 
70 ◦C until a clear supernatant was reached. To isolate holocellulose, a 
bleaching step with 1 N HCl-NaClO2 at 70 ◦C was employed for 
approximately 6 h. Alpha-cellulose was attained by removing hemicel
lulose with 17.5% NaOH for 1–2 h at room temperature, followed by 1 N 
HCl at 70 ◦C to remove atmospheric CO2 adsorbed during treatments. 
Extracts were rinsed by lukewarm ultrapure water to pH neutral, ho
mogenized, and dried for later processing. At LDEO, alpha-cellulose 
extractions were taken in a 150-funnel custom-made system coupled 
with a controlled-heated water bath, where chemicals can pass through 
individual samples (Andreu-Hayles et al., 2019). The chemicals 
employed are similar to those of KCCAMS/UCI, except for the addition 
of a carbon-containing buffer (acetic acid, CH3CO2H) during the 
bleaching steps. For removal of CH3CO2H residues from extracted fibers 
as well as atmospheric CO2 adsorbed during treatments, a 1 N HCl warm 
bath was added to the original LDEO chemical protocol (details in Santos 
et al., 2020). 

All extracts were further processed to filamentous graphite at 
KCCAMS/UCI following Santos and Xu (2017) protocols. Radiocarbon 
measurements were taken on a modified compact AMS system with 
13C/12C measurement capabilities (NEC 0.5MV1.5SDH-1) to allow for 
online δ13C-AMS isotopic-fractionation corrections. By performing all 
measurements in a single spectrometer, variations in results were 
limited to inter-laboratory extractions. Accuracy and precision based on 
reference materials were better than 0.3%. The H. petraeum 14C tree-ring 
(1938–2007) results, as decay-corrected Δ14C (the deviation from an 
atmospheric standard and corrected for fractionation; Stuiver and 
Polach, 1977), are reported in Table S1. In addition, several duplicates 
and triplicates were rendered using distinct raw wood cuts (Fig. S2). 

4.4. Stable isotope analysis 

To provide a time series of cellulose δ13C values, we measured the 
remaining homogenized extracts associated with the atmospheric 14C 
record. Samples were weighed out into 5 × 9 mm tin capsules (Costech 
Analytical Technologies Inc., Valencia, CA, USA) using a microbalance 
(Sartorius AG, Göttingen, Germany). Total C content and δ13C were 
attained using a Fisons NA-1500NC elemental analyzer (EA) equipped 
with a Delta-Plus CFIRMS stable-isotope mass spectrometer (IRMS). The 
δ13C results were measured as the ratio of the heavier isotope to the 
lighter isotope (13C/12C), and reported as δ values in parts per 1000 or 
per mil (‰) related to the Vienna Pee Dee Belemnite (VPDB) interna
tional standard. Accuracy/precision of 0.01% was attained on recog
nized EA-IRMS (e.g., USGS24 and atropine, C17H23NO3) and in-house 
standards. 

4.5. Geographical provenance of air parcels to tree-ring site 

Hybrid Single-Particle Lagrangian Integrated Trajectory Model 

(HYSPLIT v. 4) was used to assess the geographical provenance of the air 
parcels that potentially transported the 14CO2 fixed in the NITw723 tree 
of Porto Trombetas (Stein et al., 2015). This model supports a wide 
range of atmospheric transport simulations. The backward trajectories 
calculated using HYSPLIT are generated as a set of longitudinal, lat
itudinal, and altitudinal data based on an arbitrary number of hours in 
the past for a specific hour of the day. Previous studies have shown that 
120 h (5 days) is a suitable time window to overcome potential biases, as 
shorter time windows may show limited trajectories close to the study 
site, and longer time windows may be associated with major propaga
tion errors (Scarchilli et al., 2011; Schlosser et al., 2008; Sinclair et al., 
2013). For tropical SA, Ancapichún et al. (2021) showed that one 
backward trajectory per day (specifically at midday) is sufficient to 
represent its general geographical provenance pattern. Thus, 1 daily 
backward trajectory between January and April, and from 1949 to 2007 
(7080 computed trajectories) was chosen. Satellite data and in situ ob
servations of atmospheric variables (the National Centers for Environ
mental Prediction–National Center for Atmospheric Research products, 
or just NCEP/NCAR reanalysis) were used as the input data of the 
HYSPLIT model (Kalnay et al., 1996). 

4.6. Concentration of fossil-fuel CO2 

Fossil-fuel concentrations (ppm) were estimated using the equation 
presented in Levin et al. (2003): 

CO2 Fossil = ​ CO2 ​ local
Δ14Cbg − Δ14Clocal

Δ14Cbg + 1000
(1)  

where CO2 fossil is the estimated mole fraction (ppm) of CO2 derived 
from fossil emission sources. CO2 local is the atmospheric CO2 mole 
fraction in the local region (the Equator, 0◦) and was obtained from 
Earth System Research Laboratories (Dlugokencky and Tans, 2020); 
Δ14Clocal and Δ14Cbg are the Δ14C for local (i.e., Porto Trombetas with 
the value associated with 1984 obtained through linear interpolation) 
and background regions, respectively. We used two potential back
ground series: SH Zone 3 (Hua et al., 2013) and Camanducaia (Santos 
et al., 2015). The SH Zone 3 series (1950–2010) represents atmospheric 
14C concentrations without Amazon influence. The Camanducaia series 
(1928–1998) represents atmospheric 14C concentrations with Amazon 
influence. Uncertainties were calculated using the Monte Carlo method. 

5. Results and discussion 

5.1. Dating of H. petraeum and carbon isotopic analysis 

The two radii of the same tree were successfully cross-dated. The 
correlation coefficient between the two tree-ring width time series was 
0.44 (T-test: 7.0), overlapping 203 years (1805–2007; Schulman years). 
The running correlation, using a 40-year time window lagged 1 year, 
showed the highest correlation (>0.50) from 1888 to 1927 to 
1943–1982 (Fig. S5). Under traditional tree-ring analysis, sampling 
many trees and cross-dating radii within the same tree and among trees 
is paramount (Fritts, 1976; Speer, 2010; Hughes et al., 2011). However, 
a special exception is given for tree species and sites where 14C data is 
nonexistent or extremely scarce (Hua et al., 2003, 2021; Turney et al., 
2018). Further criteria were then adopted for enhancing this 14C time 
series. 

The H. petraeum tree of Porto Trombetas presents well-defined 
annual tree rings that are cross-datable between both radii (Fig. S5). 
However, the generation of this tree-ring record to produce a fine-tuned 
atmospheric 14C reconstruction was challenging due to the presence of 
growth ring anomalies (Figs. S3 and S4). After the generation of high- 
precision 14C-AMS annual measurements using the first radius, some 
anomalies were detected in the calendar years assigned. On corre
sponding radii, the tree-ring boundaries were reexamined by finer 

G.M. Santos et al.                                                                                                                                                                                                                               



Environmental Research 214 (2022) 113994

5

anatomical analysis, and the 1968, 2001, and 2007 calendar dates were 
confirmed to be misidentified. Wedging rings, faint growth ring 
boundaries, and narrow growth rings appear to be the causes of those 
growth ring misidentifications (Figs. S3 and S4). The abundant 
confluent parenchyma and marginal parenchyma, especially in narrow 
rings, complicated the detection of growth ring boundaries and sam
pling of wood material. However, the high number of overlapping tree 
rings/14C measured in this study (72 from radius 1, and 50 from radius 
2) and careful anatomical analyses, ensure that atmospheric 14C signa
tures were accurately determined for this site. Both analyses allowed us 
to properly resolve the dating ambiguities found in the preliminary 
dated tree-ring series of NITw723, so that calendar dates in this study do 
not appear resolved by 14C results alone. Replication of random calendar 
dates, including distinctive chemical extractions in two laboratories (56 
from KCCAMS/UCI and 66 from LDEO), ensured high reproducibility of 
results. A pooled standard deviation calculation determined that repli
cated measurements are within the 0.3% level or better (n = 27 pairs/ 
sets), with the exception of 1962 (quadruplicates yielded 0.9%). Tree 
rings from 1942, 1966, 1968, 2001 to 2003, and 2007 were not sampled 
or measured by 14C (e.g., narrow or wedged ring; Table S1). A total of 
122 14C-AMS results were produced from the two radii with overlapping 
uncertainties (Table S1). 

The H. petraeum 14C signatures matched the expected atmospheric 
levels across TLPB, as shown in Fig. 3A. The averaged 14C-AMS data of 
consecutive single tree rings was compared with both SH atmospheric 
14C compilations (SH Zones 1–2 & 3; as reported in Hua et al., 2013, 
2021). Previous studies (Baker et al., 2017; Granato-Souza et al., 2018, 
2020) have demonstrated the importance of minimum and maximum 
precipitation for the onset and duration of wood tissue growth of distinct 
tree species in the tropics. Thus, we compared the Amazon Basin pre
cipitation information of Porto Trombetas (Fig. S1) with that of Michot 
et al. (2018), and identified early March for the middle of tissue growth, 
where precipitation averages are above 250 mm (Fig. S1). Since peak 
tissue growth was not based on correlation analyses among several trees 
(e.g., Granato-Souza et al., 2018), an error bar of ±0.3 (covering 6 
months) was added to calendar dates to cover precipitation timing and 
full stem tissue growth (Dec–May). 

Excellent agreement between measured 14C tree-ring data and cur
rent SH compilations was found (Fig. 3A), except for the years 1957 and 
1958 (shaded area I), in which the separation of tree rings was 
complicated by very thin bands (Fig. S2; Table S1). No H. petraeum 14C 
tree-ring data differ significantly from bomb peak values in SH Zone 3, 

especially between 1964 and 1980 (shaded area II). This finding is in 
disagreement to that of Slotta et al. (2021), where a 14C mismatch of 
8.8% between cellulose extracts of tree rings of Adansonia digitata (Af
rican baobab) from southern Oman (17◦N, 54◦E) and those of the 
June-to-August-TLPB bomb-peak atmospheric 14C curve (JJA-TLPB, NH 
Zone 3, Hua et al., 2021) was detected. For A. digitata, lower than ex
pected 14C values were observed from the rising of the bomb peak to the 
beginning of its decline (ca. 1955–1975; Slotta et al., 2021), leading the 
authors to assume that the structural cellulose fraction isolated for 14C 
analysis contained aged NSCs. For H. petraeum tree species, 
slow-remobilized NSCs in the structural cellulose fraction (in association 
with parenchyma-rich tissue; Fig. 2) appear to be irrelevant. Moreover, a 
key difference between this work and Slotta et al. (2021) is related to the 
fraction of wood used for isotopic analyses. In our setting, whole rings 
were sampled, chopped, and chemically extracted to alpha-cellulose as a 
whole, even when rings (as raw wood) were reduced in size to produce 
duplicates (Figs. S2E and F). Isotopic measurements to attain Δ14C and 
δ13C values were conducted from homogenized alpha-cellulose fibers 
after chemical extractions reached completion. In Slotta et al. (2021), 
tree rings (as raw wood) were cut into slices at the terminal parenchyma 
and intra-annual tangential parenchyma bands, so that rays and other 
parenchymatous structures could be removed. Later on, 2/3 of each tree 
ring was used for extractions and 14C-AMS analysis, while 1/3 was 
reserved for stable isotope measurements. Broadly speaking, it is 
possible that the cutting strategy deployed to remove parenchymatous 
structures, in lieu of chemically treating each ring as a whole, led to the 
loss of recent photosynthesized carbon. In post-bomb 14C dating, and 
especially regarding the calendar years surrounding the bomb peak 
(where dramatic changes in 14C occur), loss of wood cells from the 
current growth season would trigger unexpected 14C offsets. Atmo
spheric 14C compilations employing tree rings favor whole rings, or 
pre-selected early- and latewood fractions, all of which must cover a 
well-defined time frame for accurate atmospheric 14C determinations 
(Hua et al., 2021). 

Regarding the time series of δ13C-IRMS values of alpha-cellulose 
extracts (Fig. 3B), a linear regression gave a dilution rate of −0.026‰ 
year−1. This is compatible with the global atmospheric (and tree-ring) 
δ13C-decline rate due to CO2 production from fossil fuel emissions 
(Tans, 2022). Even though vegetation δ13C-IRMS signatures tend to be 
noisier due to isotopic fractionation effects (Wang and Pataki, 2010), the 
Central Amazon δ13C-series showed the same Great Acceleration 
(industrialization and economic growth) observed by others (Turney 
et al., 2018), which can be attributed to fossil emissions outflowing from 
the NH (Suess effect). 

5.2. Bomb and post-bomb 14C values in the Central Amazon 

To point out patterns in our H. petraeum 14C dataset, in Fig. 4A we 
display the Δ14C difference between our results and those for the SH 
Zone 3 compilation of Hua et al. (2021). Most sizeable differences arose 
during the 1960–1965 period, where aboveground nuclear explosions of 
multiple intensities occurred (Enting, 1982), inducing a heterogeneous 
large increase of 14C in the Earth’s atmosphere. The remaining 
computed H. petraeum 14C values are not significantly different from 
Hua et al. (2021) compilation. 

While we expected a reasonable match between records from the 
same latitudinal zone, we also expected to observe continuous and 
increased 14C values after the bomb peak for a record at the core of the 
Amazon Basin, such as H. petraeum (1◦S, 56◦W), due to biosphere-to- 
atmosphere CO2 exchange flux. This assessment aligns with an early 
model by Randerson et al. (2002) regarding the geographical differences 
of the atmospheric excess-14C through tropical lands, which forecasted a 
persistent 14C increase after mid-1980. This counterintuitive hypothesis 
was first detected in a middle-latitude 14C record, from Camanducaia 
(Santos et al., 2015), due to its location (Fig. 1) and distinct air masses 
influencing 14C signatures (discussed below). For these reasons, the 

Fig. 3. Averaged Δ14C (A) and δ13C (B) values running from 1938 to 2007 of a 
single individual of H. petraeum from Central Equatorial Amazon (1◦S, 56◦W). 
Calendar years AD points were adjusted to middle Dec–May (peak of wet sea
son) followed by a six-month uncertainty. Shaded areas correspond to the 
calendar date sequences 1957–1958 and 1964–1980, respectively. 
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almost exact match between the H. petraeum record and the SH Zone 3 
compilation from 1974 and beyond is somewhat unexpected (Fig. 4A), 
as the late segment of the Hua et al. (2021) compilation was determined 
mostly by high-latitude SH 14C records. Moreover, the H. petraeum 14C 
record becomes even lower during the late 1980s and early 1990s, as 
well as during the middle 2000s, suggesting that other factors may be in 
play. 

To better understand the occurrence of differences between records, 
we broke down the bomb-peak into 4 plots (Fig. 4B, C, D, and E) and 
compared our record to standalone tree ring datasets in the tropics. 

Fig. 4B shows how well the H. petraeum record aligned with Tectona 
grandis (Indonesia) for the bomb-peak period. Here, the atmospheric 
mass transfer between the NH and SH appears to be fairly consistent, and 
independent of the large longitudinal difference between these sites 
(Fig. 1). Roughly, Δ14C values derived from these two records are 
analogous (Table S2), even though H. petraeum tissue growth peaks a 
couple of months after that of T. grandis tree species (i.e., early March 
rather than early January). A large difference (52.7 ± 7.1‰) is noted 
with the 1964 calendar year between H. petraeum and T. grandis records 
(Table S2), with the former Δ14C value the highest. Since wood recovery 

Fig. 4. Panel (A) monthly Δ14C differences between the H. petraeum (HP) tree-ring record and the SH Zone 3 compilation of Hua et al. (2021). Here, only the 
atmospheric 14C signals spread between December and May in the SH Zone 3 profile have been used. Panels (B to E) show direct comparisons of the H. petraeum Δ14C 
record versus standalone pantropic datasets. Data points associated with calendar years (AD) were plotted according to the growth period information provided on 
publications, and overall, they cluster around the end or beginning of each year (depicting the austral summer). A ±0.3 yrs error was added to cover total stem tissue 
growth. Each panel shows 13 calendar years, starting from 1959 onward. For continuity purposes, calendar years overlap in these multi-panel plots. Δ14C error bars 
are ±1σ. Standalone dataset ranges are displayed in the figure labels. 
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during sample processing is rather important, and our H. petraeum 1964 
14C value (Fig. 5B and Table S2) is an average of four measurements of 
wood cuts sampled from the two radii, we suspect that the Δ14C dif
ference observed here may be attributed to T. grandis partial wood loss 
during processing. Without further high-precision 14C results from this 
latitudinal zone, other explanations for the difference would be futile. 
On the other hand, we attained an excellent agreement for the bomb 
peak calendar year of 1965 (i.e., a difference of 3.2 ± 5.5‰) and sub
sequent calendar years (even though we are missing 1966 and 1968; 
Table S2). Our results, in the allotted timeframe shown in Fig. 4B, 
support that inter-hemispheric air-mass transport of excess-14C injected 
in the stratosphere during intensive atmospheric nuclear tests appears to 
be uniform across distinct longitudinal regions: i.e., Indonesia and 
Central Amazon. Moreover, these results also reinforced the lack of aged 
NSCs in the structural cellulose extracts, as addressed earlier. In terms of 
the tree-ring 14C records at middle latitudes—i.e., SH Zones 1–2—data 
from Altiplano and Camanducaia also correlate relatively well with each 
other during this period (Fig. 4B). 

In the early 1970s, H. petraeum 14C values were overall higher than 
other pantropical SH records (Fig. 4C), corroborating the post-bomb bio- 
carbon recycling hypothesis of Randerson et al. (2002) model, as ex
pected for a site at 1◦S within the DJF-TLPB airflow. Enriched 14CO2 
contributions from deforestation and vegetation fires seemed an un
likely explanation for these high Δ14C values, as they normally occur in 
the Basin during the dry season (Jun–Nov; Fig. S1). The first known 
example of 14C enrichment due to post-bomb bio-carbon recycling be
longs to the SA tree-ring record of Camanducaia (22◦S, 46◦W). Even 
though this record and Altiplano (20◦S, 68◦W) are within the same 
latitudinal range (north of the Tropic of Capricorn, and at each side of 
the TLPB potential boundaries over this continent; Fig. 1), only 
Camanducaia shows 14C continuous enrichment from the 1970s onward. 
The persistent increased 14C values of the Camanducaia record have 
been attributed to air parcels from geographical provenances at the SH 
Atlantic extratropical ocean and the Amazon Basin. Through air-parcel 
modeling, Ancapichún et al. (2021) projected that a high 14C level 
flux (relative to other SH geographical locations) from the Amazon 
biosphere during the post-bomb period can reach adjacent zones at the 
edge of the TLPB boundary, and thereby increase their atmospheric 
Δ14C values. However, Δ14C values from our Central Amazon 
H. petraeum record moved toward other pantropical SH records during 
the middle 1970s, followed by a sudden decrease in Δ14C values just 
before 1983 (Fig. 4D). 

Basically, from the 1980s onward Δ14C values from our Central 
Amazon record remain lower than all other pantropical SH records, 
including the Δ14C values that were computed in the SH Zones 1–2 and 3 
compilations (Fig. 4A). From the middle 1990s, 14C values reverse to 
slightly higher values than in the early decade (Fig. 4C and D). However, 
those values are still too low to reflect airflow carbon signatures, which 
are mostly dominated by transatlantic regions during the DJF-TLPB, 
and/or the eastern Amazon geographical provenances (Fig. 5). 

Since a significant number of 14C replicates have been produced for 
the H. petraeum record (Table S1), sample and measurement problems 
cannot be invoked. Whereas Slotta et al. (2021) suggested the possibility 
of aged NSCs in structural cellulose of parenchyma-rich woods as a 
source of 14C bias, we have not observed this effect here. H. petraeum 
highest portion of the bomb-peak profile matched with expected values 
(Fig. 3A). Thus, from 1980s onward 14C-depletions at the H. petraeum 
record (Fig. 4B–C) must be due to close proximity to 14C-free fossil fuel 
CO2 sources. Since active volcanoes and/or usage of coal for cooking 
(rather than fuelwood) are unlikely in this region, we are left with 
petroleum-based byproducts (i.e., gasoline, diesel and crude oil) as 
possible sources. These types of fuels are wildly use in power generation 
and transportation. The low population density (0.5/km2) of the rural 
community of Oriximiná cannot be tied to the bulk-production of 
14C-free fossil fuel CO2 emissions responsible for the 14C depletions 
detected here. 

Fig. 5. HYSPLIT backward trajectory analysis results for Porto Trombetas (1 h 
per day, midday). Air parcel density arriving at our site. The color bar scale 
indicates the total number of air parcels located on each pixel grid (1◦ × 1◦) at 
hour: −24 (a), −48 (b), −72 (c), −96 (d), and −120 (e) during the bomb period 
(January to April 1949 to 2007). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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The level of decreases in Δ14C values observed in the H. petraeum 
record coincides in time with the implementation of large-scale indus
trial bauxite ore mining operations (the raw material used to produce 
aluminum) and shipping activities at Porto Trombetas (Fig. S6). The 
Trombetas Bauxite Mine was established in 1976 with a complete 
mineral processing infrastructure, and multimodal transportation hub 
(Bebbington et al., 2018). Porto Trombetas is Brazil’s largest producer 
and exporter of bauxite (approximately 70%; Andrade, 2011). Ore 
mining at this location have been inducing deforestation (Sonter et al., 
2017), degradation of lakes (Lin and Caramaschi, 2005) and soils 
(Guimarães et al., 2018). Since the early 1980s, massive inland 
waterway transportation has carried products from the Trombetas River 
into the Amazon River, and later to the sea. Da Cunha et al. (2021) gave 
a total estimate of over 1000 vessels/year operating in Amazonian wa
ters, with more than 12% designated to Porto Trombetas alone. More
over, 66% of the total vessels mentioned above are bulk carriers that 
even when are not in transit (i.e., collecting or offloading cargo at the 
port) they are still producing air pollution from engine exhaust. Thus, 
CO2 pollution by combustion-ignition motors and vessels in association 
to mining operations in close proximity to the Amazon River and its 
tributaries are the only likely source for 14C depletions detected at the 
H. petraeum record beyond 1980s. 

From the middle of the 1990s onward, we detected a small increase 
of 14C-values in the Central Amazon record toward SA records (Fig. 4E). 
A reduction in operations due to a shortage in investments during this 
period (Mason, 1997), followed by the ongoing reforestation of former 
mining sites (Parrotta and Knowles, 2001; Bustamante et al., 2019; 
Gomes et al., 2019) may partially explain the improvement of 14C-values 
in the H. petraeum record observed here. 

Worldwide increases in atmospheric CO2 during the twentieth cen
tury are directly related to global economic growth and the dependence 
of fossil fuel burning (Chiquetto et al., 2022), which can be directly 
detected by 14C measurements of air-CO2 and/or biomass. Studies using 
14C to trace local fossil fuel CO2 emissions are normally carried on close 
to known sources: e.g., volcanic vents (Evans et al., 2010) and/or urban 
infrastructures (Quarta et al., 2007; Vásquez et al., 2022; Chiquetto 
et al., 2022). Therefore, the evidence presented above strongly suggests 
a local source of fossil fuel burning. Our δ13C values appear to play little 
to no role in determining this source, possibly due to data noise (Wang 
and Pataki, 2010). While the Porto Trombetas mining operations are 
potentially responsible for the dilution of atmospheric 14CO2 locally, air 
parcels reaching our site during the growing season follow the Amazon 
River path (Fig. 5). Those air masses cover most of the Amazon River 
mouth, where ship traffic from recent decades is extremely high (Da 
Cunha et al., 2021). Thus, the Amazon and Trombetas Rivers can be 
considered a source-area of fossil fuel atmospheric CO2. 

To estimate fossil fuel CO2 excess contributions to the local atmo
sphere near Porto Trombetas inprint in the H. petraeum 14C record, we 
used Equation (1) and weight mean and standard error calculations. We 
determined averaged fossil fuel CO2 excesses on the order of 1.4 ± 0.4 
(based on SH Zone 3 compilation) and 3.7 ± 0.3 ppm (based on 
Camanducaia 14C record) from 1979 to 1998 (Fig. 6). While those 
averaged fossil fuel CO2 levels are still relatively low compared to 
megacities elsewhere (Chiquetto et al., 2022. and references therein), 
maximum fossil fuel CO2 excess of 6.30 ± 0.8 ppm was registered for the 
calendar year of 1989 using Camanducaia 14C record as background; 
Fig. 6. Thus, our study evidenced local anthropogenic atmospheric CO2 
changes through burning of fossil fuel due to mega-mining operations 
and the usage of the Trombetas and Amazon Rivers as open waterways 
to transport ore as well as other commodities to the Atlantic Ocean 
(Fig. S6). 

Since bauxite ore production at Porto Trombetas has jumped from 2 
to 12 million tons/year in just 4 decades (source MRN - https://www.mr 
n.com.br/), our findings call for urgent action to address atmospheric 
CO2 fossil fuel related increases. While mines are adopting sustainable 
activities to minimize their environmental impacts (Bustamante et al., 

2019), they still rely on external technology changes. Decarbonization of 
mining operations and ocean freight are difficult, as fossil fuels continue 
to dominate these sectors. A 5% reduction could be attained by using 
biofuels and/or blended fuels, but their use in those sectors have been 
limited. This discussion is out of scope here, but further considerations 
on how to reach low-carbon emissions in those sectors can be found in 
Igogo et al. (2021) and Xing et al. (2021). 

6. Conclusions 

To improve 14C calibration curves and our understanding of the past 
variability of global climatic mechanisms, the development of reliable 
annual atmospheric 14C reconstructions along tropical latitudes is 
fundamental. The parenchyma-rich tree species H. petraeum collected at 
the Central Amazon Basin successfully recorded annual atmospheric 14C 
levels from 1938 to 2007. The H. petraeum atmospheric 14C signals 
surrounding the bomb peak (1950–1971) are like those of Indonesia, 
which is at almost the same latitude in the SH. The fact that these two 
tree-ring 14C records relate to one another indicates that bomb-enriched 
14C air masses from NH (once mixed in the equatorial troposphere) were 
distributed uniformly to our SH site by the latitudinal displacement of 
the DJF-TLPB. 

After 1980, H. petraeum atmospheric 14C signals reveal local fossil- 
fuel-related emissions from Porto Trombetas as well as those from 
shipping activities in the Amazon River downstream and estuary areas. 
Thus, atmospheric Δ14C variability in the Central Amazon has a wide 
range of natural and anthropogenic sources. 

Careful sampling and cutting of whole rings, as well as proper 
chemical procedures to isolate cellulose, allowed us to attain accurate 
and precise 14C-AMS results around the bomb peak. Based on this result, 
several parenchyma-rich tree species of tropical forests can be evaluated 
for their growth and quality, as atmospheric 14C proxies. In this sense, 
other datasets should be developed from the Amazon Basin, in order to 
better understand lower-elevation atmospheric 14C distributions, intra- 
annual differences, post-bomb carbon isoflux responses, carbon resi
dence time in the Amazon biosphere, and local 14CO2 fossil emissions, 
among others. 
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Brienen, R.J., Schöngart, J., Zuidema, P.A., 2016. Tree rings in the tropics: insights into 
the ecology and climate sensitivity of tropical trees. Trop. Tree Physiol. 439–461. 

Bustamante, M.M.C., Silva, J.S., Scariot, A., et al., 2019. Ecological restoration as a 
strategy for mitigating and adapting to climate change: lessons and challenges from 
Brazil. Mitig. Adapt. Strat. Glob. Change 24, 1249–1270. https://doi.org/10.1007/ 
s11027-018-9837-5. 

Cain, W.F., Suess, H.E., 1976 Jul 20. Carbon 14 in tree rings. J. Geophys. Res. 81 (21), 
3688–3694. 

Carbone, M.S., Czimczik, C.I., Keenan, T.F., Murakami, P.F., Pederson, N., Schaberg, P. 
G., Xu, X., Richardson, A.D., 2013. Age, allocation and availability of nonstructural 
carbon in mature red maple trees. New Phytol. 200 (4), 1145–1155. https://doi.org/ 
10.1111/nph.12448. 

Chiquetto, J.B., Leichsenring, A.R., dos Santos, G.M., 2022. Socioeconomic conditions 
and fossil fuel CO2 in the metropolitan area of Rio de Janeiro. Urban Clim. 43, 
101176. 

Da Cunha, A.C., De Abreu, C.H.M., Crizanto, J.L.P., Cunha, H.F.A., Brito, A.U., 
Pereira, N.N., 2021. Modeling pollutant dispersion scenarios in high vessel-traffic 
areas of the Lower Amazon River. Mar. Pollut. Bull. 168, 112404. 

Dlugokencky, E., Tans, P., 2020. Trends in Atmospheric Carbon Dioxide. National 
Oceanic and Atmospheric Administration. Earth System Research Laboratory 
(NOAA/ESRL), available at: http://www.esrl.noaa.gov/gmd/ccgg/trends/global.ht 
ml. (Accessed 16 October 2020). last access:  

Enting, I., 1982. Nuclear Weapons Data for Use in Carbon Cycle Modeling. CSIRO 
Division of atmospheric physics and technology, Melbourne (Australia).  

Evans, W.C., Bergfeld, D., McGeehin, J.P., King, J.C., Heasler, H., 2010. Tree-ring 14C 
links seismic swarm to CO2 spike at Yellowstone, USA. Geology 38 (12), 1075–1078. 

Farani, T.L., Oliveira, G.B., 2019. Produção madeireira de espécie nativas brasileiras 
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