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4.4.  Statistical Analysis of Trace Element Composition

A cluster analysis using Euclidean distance and coniss agglomeration method 
(package “rioja,” Juggins, 2020) was performed in zircons with ages between 
66 and 50 Ma to identify general patterns in zircon composition over time. 
This analysis used a distance matrix based on U, Hf, Ti contents, Th/U, Zr/
Hf, U/Yb, Yb/Gd, and Er/Yb ratios and estimates of temperature and crustal 
thickness. We followed the silhouette width criterion to evaluate the opti-
mal number of clusters (Kaoungku et  al.,  2018). Two clusters (Figure S3 
in Supporting Information  S1) were identified based on age and similari-
ties in geochemical composition (Figures  3a–3c), grouping zircons dated 
between 66.0 and 62.0 Ma and between 62.0 and 55.0 Ma. We compared 
the geochemical composition of zircons dated between 66.0 and 62.0  Ma 
to those between 62.0 and 55.0  Ma (Figure  3d). Because the sample size 
was not constant across these two age intervals, we subsampled each age 
group (n = 10 zircons) to test for differences in mean values and variance 
of U, Hf, Ti contents, Th/U, Zr/Hf, U/Yb, Yb/Gd, and Er/Yb ratios, and 
estimates of temperature and crustal thickness. For each subsample, we 
applied a Mann-Whitney U test (Mann & Whitney, 1947) to assess differ-
ences in the mean, and Levene tests (Levene, 1960) to contrast the variance 
of these across age groups. The subsampling and statistical tests were iter-
ated 1,000 times, and the distribution of p-values resulting from the Levene 
or Mann-Whitney tests are presented in Figure 3d and Table S3, https://doi.
org/10.6084/m9.figshare.19131857. We consider differences in the chemical 
composition of zircons when the resulting p-value distribution is noticeably 
skewed toward zero, with the first quartile (LVQ1 and MWQ1 for Levene and 
Mann-Whitney tests, respectively) below 0.05 and median value close to 0.1. 
This statistical approach allows the identification of significant differences in 
the geochemical composition of zircon grains before and after 62 Ma.

5. Results
5.1.  LA-ICP-MS and CA-ID-TIMS Geochronology

We analyzed 489 zircons that measure 60–390 μm long and have a length: 
width aspect ratios of 2:1–4:1 (Figure 5a). Under cathodoluminescence, the 
predominant zircon population exhibits oscillatory zoning (Figure 5a) char-
acteristic of magmatic growth (Corfu et  al.,  2003). Some of these zircons 
show sector zoning which may be related to rapid changes in the growth 
conditions (e.g., temperature and growth rates) during crystal formation 
(B. A. Paterson & Stephens,  1992). Zircons with homogeneous cores and 
complex rims were interpreted as older xenocrysts with younger overgrowth 
(Miller et al., 2003).

LA-ICP-MS dates included Triassic (∼238 Ma; n = 26), Jurassic (∼160 Ma; n = 58), Late Cretaceous (∼84 Ma, 
n = 197), and Paleocene (∼59 Ma; n = 156) populations (Figure 5b), which despite the bias induced by the 
selection of sharply faceted grains are similar to the zircon age distributions presented in previous provenance 
studies (Bayona et al., 2012; Bustamante et al., 2017). Paleocene to early Eocene zircons range between 66.0 and 
50.9 Ma and have a large population with dates ca. 57.7 Ma and a secondary population with dates ca. 62.8 Ma 
(Figure 5b).

Detrital zircon populations of Paleocene–Eocene age become progressively younger toward the top of the 
Bogotá Formation, suggesting that volcanism was contemporary with sediment deposition (Figure 4) (Alberts 
et  al.,  2021; González et  al.,  2018). The basal segment of the Bogotá Formation is characterized by zircon 
dates between 65.3 and 59.5 Ma (18 zircons) with MDA between 62.5 and 61.6 Ma (Figure 4). Samples from 
the upper stratigraphic segment show zircon dates between 66.0 and 50.9  Ma with MDA between 61.2 and 

Figure 4.  Generalized stratigraphic section of the Bogotá Formation 
(modified from Bayona et al., 2012). Blue stars denote the samples with zircon 
geochronological and geochemical data and the rectangles are samples without 
zircon REE data, compiled from Bayona et al. (2012). KDE distributions 
are presented for each sample showing only the Paleocene-Eocene 
geochronological data. The red number corresponds to the younger CA-ID-
TIMS age while the black number indicates maximum depositional ages 
calculated with the unmixed radial plot method (Vermeesch, 2021).
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55.1 Ma. Zircon grains with dates between 55.0 and 50.9 Ma are restricted to 
a few zircons at the top of the stratigraphic section (Figure 4), suggesting an 
early Eocene age for the uppermost beds of the Bogotá Formation (Bayona 
et al., 2012, 2021). The dates of detrital zircons from the Bogotá Formation 
obtained using LA-ICP-MS are overall older than the LA-ICP-MS dates from 
PECMA plutonic rocks (t-value = −16.526, degrees of freedom = 567.67, 
p-value < 2.2e−16) (Bustamante et  al.,  2017; Cardona et  al.,  2011, 2018;
Leal-Mejía et  al.,  2019; Ordoñez et  al.,  2001; Rueda-Gutiérrez,  2019). 
Whereas detrital grains have a mean age of 59.4 Ma, plutonic zircons have a 
mean age of 55.7 Ma (Figure 6a). Therefore, our data represent older stages 
of the magmatic evolution that are not preserved in the plutonic record of the 
cordillera.

Detrital zircon grains (6–8 per sample) analyzed under CA-ID-TIMS yielded 
MDA between 55.53 ± 0.04 Ma and 60.68 ± 0.04 Ma (Table 1). Overall, 
dates obtained using CA-ID-TIMS are 0.4–3.6 Ma older than those obtained 
using LA-ICP-MS. These discrepancies may be related to lead loss or radi-
ation damage which are not detected by LA-ICP-MS (Herriott et al., 2019).

5.2.  Trace Element Composition of Detrital Zircons From the Bogotá Formation

A cluster analysis based on the age and geochemical composition of 128 Paleocene-early Eocene detrital zircon 
grains is shown in Figures 3a–3c. The silhouette width criterion recognizes two distinct clusters (Figure S3 in 
Supporting Information S1) that group zircons between 66.0 and 62.0 Ma (n = 18) and those between 62 and 
50 Ma (n = 110). These results suggest changes in magma composition and crystallization conditions over time 
(before and after 62.0 Ma). Trace elements in older zircon grains (66.0–62.1 Ma) are less variable than in younger 
grains (62–55 Ma) (Figures 6 and 7). Even though a larger number of younger zircon grains can account for a 
higher heterogeneity, U, Hf, U/Yb, and crustal thickness values show statistically distinctive trends before and 
after 62 Ma despite differences in the numbers of zircons (see Section 4.4 and Figure 3d).

The content of U across the 128 Paleocene-early Eocene detrital zircons analyzed ranges between 60 and 2,200 ppm, 
and Th/U ratios range between 0.1 and 1.4. U content (mean values and variance) differs significantly between 

Sample Lat Long

Maximum 
depositional 

LA-ICP-MS age

Youngest 
CA-TIMS 

age

860016–1 4.53454 −74.13919 61.6 ± 1.6

860043–1 4.53367 −74.13951 62.5 ± 1.3

860043–2 4.53357 −74.13910 62.7 ± 0.6

860046–1 4.53098 −74.14059 58.2 ± 0.2

860046–2 4.53173 −74.14040 56.6 ± 0.4 59.07 ± 0.02

D928 4.53700 −74.16300 57.1 ± 0.5 60.68 ± 0.04

D937 4.53700 −74.16300 61.2 ± 0.3**

D1190 4.53700 −74.16300 57.8 ± 0.5** 58.72 ± 0.04

D1650 4.53700 −74.16300 55.1 ± 0.4* 55.53 ± 0.04

Table 1 
Location and Maximum Depositional Ages Obtained From LA-ICP-MS and 
CA-ID-TIMS From the Nine Samples Analyzed

Figure 5.  (a) Cathodoluminescence of representative Paleocene-Eocene detrital zircons. Blue circles indicate grains with 
CA-ID-TIMS ages and geochemical data obtained using LA-ICP MS. Green circles indicate grains with age and geochemical 
data obtained using LA-ICP-MS. Circles are 25 μm wide and indicate the position of the LA-ICP-MS laser spot. (b) Age 
distribution (blue) and kernel density estimation (yellow) of 479 detrital zircons. The inset contains age distribution for 
156 zircons dated between 66 and 50 Ma. The black bars on the x-axis of KDE represent individual ages. Sample data are 
presented in Table S1, https://doi.org/10.6084/m9.figshare.19131857.

https://doi.org/10.6084/m9.figshare.19131857
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the younger and older detrital zircon populations (LVQ1 = 0.03 and MWQ1 = 0.01; Figure 3d and Table S3, 
http://doi.org/10.6084/m9.figshare.19131857) even though no significant differences in Th/U ratios are observed 
(LVQ1 = 0.21 and MWQ1 = 0.05; Figure 3d; Table S3, http://doi.org/10.6084/m9.figshare.19131857). Ti values 
range between 1.7 and 33.2 ppm and do not show significant differences across both age groups (LVQ1 = 0.21 
and MWQ1 = 0.25; Figure 3d). These Ti values correspond to zircon saturation temperatures between 937°C 
and 641°C. Hf content varies between 6,000 and 18,000 ppm and Zr/Hf ratios range between 17 and 71.7. Hf 
content in younger zircons differs from that in older zircons (MWQ1 = 0.04 and LVQ1 = 0.34), whereas Zr/Hf 

Figure 6.  (a) Normalized probability density plot (PDP) of Paleocene-early Eocene continental magmatic arc (PECMA) 
zircon dates from the Central Cordillera (green shadow) (Bayona et al., 2012; Bustamante et al., 2017; Cardona 
et al., 2011, 2018; Duque-Trujillo et al., 2019; Rueda-Gutiérrez, 2019) and detrital zircon dates from the Bogotá Formation 
(yellow shadow) (Bayona et al., 2012; this work). (b) Age (Ma) versus U (ppm). (c) Age (Ma) versus Th/U. (d) Age (Ma) 
versus Ti (ppm) and the inferred saturation temperatures (Ferry & Watson, 2007). (e) Age (Ma) versus Hf (ppm). (f) Age 
(Ma) versus Zr/Hf. The dashed red box indicates the time interval between 62 and 55 Ma. Annotations are from Belousova 
et al. (2002); Claiborne et al. (2006, 2010); Kirkland et al. (2015); McKay et al. (2018); Yang et al. (2012).
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