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A B S T R A C T   

Carbonate rocks are important paleo-environmental records, with bulk chemical and isotopic compositions 
commonly used to deduce temperatures, redox conditions, etc. Diagenetic (re)crystallization of clasts and ce
ments is common, may perturb the chemical and isotopic systems typically interpreted to reflect conditions at the 
timing of deposition, may occur essentially synchronous with or long after deposition, and is difficult to date. 
Advances in in situ carbonate trace-element mapping and U–Pb dating by LA-ICP-MS provide opportunities to 
determine the absolute timing of diagenesis which can then be related to the age of deposition of carbonate 
rocks. We applied these techniques to two samples of well-preserved Ordovician bioclastic limestones from the 
Viki drill core, western Estonia (Baltoscandian basin) with precisely constrained depositional ages (ca. 459 and 
444 Ma) and comprehensively detailed post-depositional histories which indicate that they were never deeply 
buried nor significantly heated following deposition. Previously published K–Ar data for K-bentonites from the 
Viki core and elsewhere in the Baltoscandian basin do, however, indicate diagenesis long before the timing of 
maximum burial. Optical petrography and backscatter-electron (“BSE”) imaging reveal low-porosity “BSE- 
bright” calcite spar cement in pore spaces between “BSE-dark” micro-porous carbonate bioclasts. Trace-element 
mapping of several areas (several mm2 each) in each thin section by LA-quadrupole-ICP-MS reveals variably 
elevated Mn/Sr, U concentration, and 238U/206Pb in the calcite spar cement. These maps were subsequently used 
to guide the placement of laser spots for U–Pb dating by LA-multicollector-ICP-MS. Primary bioclastic carbonate 
in both samples has low U/Pbc (with 238U/206Pb < ~6.5) and, thus, yields imprecise Concordia-intercept dates, 
which nonetheless overlap with the depositional ages. Calcite spar cement has higher U/Pbc (with 238U/206Pb up 
to ~15.7) and yields intercept dates of ca. 414–412 Ma in each sample. Individual common-Pb-corrected 
dates—particularly those for domains with the highest U/Pbc—are as young as ca. 376 Ma. The timing of 
diagenetic calcite (re)crystallization and cementation identified here is tens of Myr later than deposition and 
overlaps with the previously published K–Ar dates, and also with the timing of continent collision during the 
Caledonian orogeny in Scandinavia. The calcite U–Pb and K-bentonite K–Ar chronometers yield consistent re
cords of what may have been tectonic-driven diagenesis far inboard (>600 km) from the orogenic front. 
Furthermore, this work demonstrates that apparently pristine carbonates may have experienced recrystallization 
(or at least chemical-isotopic perturbation) in open systems long after deposition and should be carefully scru
tinized before using bulk-sample paleoenvironmental proxies.   

1. Introduction 

Primary (i.e., depositional) carbonate phases in limestones archive a 

wealth of geochemical information about environmental conditions at 
the time of formation. These, however, can become compromised by 
diagenesis that may occur soon after deposition (e.g., Bathurst, 1976) or 
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millions of years later (e.g., Smith et al., 1991; Godeau et al., 2018), be 
protracted or punctuated, and also be complex in terms of conditions 
and the compositions of diagenetic fluids (Brand and Veizer, 1980; 
Derry, 2010). Such processes have critical bearing on a multitude of 
characteristics of the rock ranging from the preservation or perturbation 
of trace-element and isotopic proxies (Swart, 2015) to the development 
of porosity and quality of hydrocarbon reservoirs (Godeau et al., 2018). 
Furthermore, even though absolute timing of deposition can be estab
lished via biostratigraphy, isotopic correlation, or radiometric dating of 
interbedded volcanic strata, determining the absolute timing of diage
netic carbonate (re)crystallization is challenging. 

Combined trace-element mapping and in situ U–Pb geochronology of 
carbonates in thin sections by LA-ICP-MS provides opportunities to 
assign absolute ages to multiple generations of carbonate (re)crystalli
zation in a sample with petrographic and geochemical context (Roberts 
and Walker, 2016; Roberts et al., 2020; Drost et al., 2018), with the 
potential of directly dating diagenetic (re)crystallization (e.g., Godeau 
et al., 2018). We have applied this approach to two samples of well- 
preserved Ordovician (ca. 459 and 444 Ma) limestones from the Viki 
drill core, western Estonia, which provide a case study to evaluate 
depositional versus diagenetic age in exceptionally well-preserved car
bonate rocks. This sequence likely did not experience temperatures 
above 50 ◦C since deposition (Kirsimäe et al., 2020) but experienced 
diagenesis at ca. 420–370 Ma as evident by K–Ar dates for illite-smectite 
and low-temperature K-feldspar from K-bentonite layers throughout the 
Baltoscandian basin (Somelar et al., 2009; Środoń et al., 2009). 
Accordingly, these rocks are exemplary for differentiating the age of 
well-preserved original textures from those linked to later diagenetic 
overprinting. Such knowledge is fundamental for guiding interpretation 
of geochemical data that have become a mainstay in evaluating Earth 
surface redox conditions, deducing driving mechanisms of environ
mental and climatic change, and in documenting porosity-permeability 

in carbonate rocks. 

2. Geological background 

2.1. The Baltoscandian basin and Viki borehole 

The early Paleozoic Baltoscandian basin was an epicontinental 
seaway in which carbonate deposition was more-or-less continuous from 
early Ordovician until late Silurian, after which terrigenous sediment 
sourced from the Scandinavian Caledonides filled the basin as a conse
quence of collision with eastern Avalonia and Laurentia (Cocks and 
Torsvik, 2005, 2020). Paleogeographically the basin is subdivided into 
several facies zones (Fig. 1; “confacies” belts of Männil, 1966; Jaa
nusson, 1976; Nestor and Einasto, 1997), and its sedimentological 
evolution records a transition from a cool- and temperate-climate sedi
ment-starved carbonate ramp to a well-differentiated tropical platform- 
basin system (Nestor and Einasto, 1997). 

The Viki drill core comes from western Saaremaa Island, Estonia 
(58.35107◦N, 22.07985◦E; Fig. 1). The recovered Ordovician succession 
(depth range 242.8 to 363.0 m; Fig. 2) is represented by the Dapingian- 
Hirnantian shallow-water carbonate ramp to carbonate platform stages 
represented by wackestones, packstones, and marlstones with variable 
admixtures of terrigenous clay. Near the base of the Katian, sedimen
tation rate increased and lithofacies became more diverse and include 
reefs and oolitic grainstones containing a normal marine benthos 
dominated by echinoderms, bryozoans, brachiopods, trilobites and 
calcareous algae (Põldvere, 2010). The Viki core has been studied 
intensively for micropaleontology and biostratigraphy (e.g., Jeppsson 
and Männik, 1993; Nestor, 2005; Tonarová et al., 2014; Hints et al., 
2014), K-bentonites (e.g., Kiipli et al., 2010), and stable isotopes (Kaljo 
et al., 2003; Hints et al., 2014; Richardson et al., 2019). The main carbon 
isotope excursions known for the region have been identified in the core 

Fig. 1. Map showing the extent and simplified configuration of the Baltoscandian basin during the Ordovician and the location of the Viki drill site within the main 
facies belts. Compiled after Jaanusson (1995), Männil (1966) and Środoń et al. (2009). Abbreviations are as follows: “MB”: Moscow Basin. 
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Fig. 2. Generalized stratigraphy of the Ordovician succession of the Viki core showing the positions of samples Viki19-7A and Viki19–27. Further details on the 
stratigraphy of the section are provided by Hints et al. (2014) and Põldvere (2010). Numerical dates are according to Goldman et al. (2020). Also shown are the 
inferred eruption age (ca. 454 Ma) and K–Ar dates (interpreted as diagenetic ages; Środoń et al., 2009) of the Kinnekulle K-bentonite. Abbreviations are as follows: 
“Sil.”: Silurian; “Hir.”: Hirnantian; “Rh.”: Rhuddanian. 
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(Ainsaar et al., 2010; Hints et al., 2014). Sulfur isotope data on 
carbonate-associated sulfate (δ34SCAS) and pyrite (δ34Spyr) for early 
Silurian strata in the core reveal how diagenetic overprints can mask 
basinal and global signals (Richardson et al., 2019), complementing 
work done on correlative strata elsewhere in the Baltoscandian basin (e. 
g., Rose et al., 2019). Such overprints may apply also to the Ordovician 
part of the carbonate succession in the Viki core. 

2.2. Depositional age constraints 

The two samples used in this study, Viki19-7A and − 27, come from 
depths of 350.2 and 245.1 m (Fig. 2). They represent Uhaku and Porkuni 
regional stages, late Darriwilian and Hirnantian, respectively. Benton
ites in the Viki core have not been dated radiometrically, but— based on 
stratigraphic position, thickness, and geochemical properties—two 
distinct bentonites can be confidently correlated to the 454.06 ± 0.49 
Ma Kinnekulle K-bentonite (Ballo et al., 2019), occurring at 330.3 m 
depth, and the 438.7 ± 1.0 Ma Osmundsberg K-bentonite (Bergström 
et al., 2008) at 185.2 m depth. These depositional age constraints can be 
refined further to ca. 459 and 444 Ma for Viki19-7A and − 27, respec
tively, using high-resolution biostratigraphy of the Viki section 
(Põldvere, 2010; Hints et al., 2014) and Baltic Ordovician sequences in 
general (Nõlvak et al., 2006), as correlated with the time-calibrated 
international chronostratigraphic scale (e.g., Goldman et al., 2020). 

2.3. Post-depositional history 

Although no burial history studies have been conducted on the 
Ordovician carbonate rocks in the Viki core, conodont alteration index 
(CAI) analyses of Ordovician-Silurian strata in the part of the Balto
scandian basin where the core was obtained are typified by a CAI = 1 
(Lehnert et al., 2010); higher values are only found in southern Sweden, 
Kaliningrad region, and eastern Poland where burial depths reached 
4–5 km (Nehring-Lefeld et al., 1997). Furthermore, palynomorph 
(acritarch) darkness index (PDI) studies applied to assess maturity of 
organic matter in late Katian and Hirnantian strata in the Valga drill core 
from southern Estonia (approximately 120 km east of the Viki core) 
indicate a maximum burial temperature of ~70 ◦C (Sorci et al., 2020). 
Acritarch-based thermal alteration index (TAI) and illitization-degree 
estimates from lower Cambrian strata in northern Estonia suggest 
even lower values, not higher than ~50 ◦C (Talyzina, 1998; Talyzina 
and Moczydłowska, 2000; Kirsimäe et al., 2020), which is in accord with 
the exceptionally preserved biomarker records from the Ediacaran suc
cession of Baltica (Pehr et al., 2018). Neither PDI nor TAI analyses have 
been done on the Viki core but excellent preservation of acritarchs in the 
core rocks is known (Raevskaya and Hints, 2019). Thus, the estimates 
from the other Estonian sections are reliably applicable to the Viki core. 

Further insight into post-depositional processes is provided by 
Kirsimäe et al. (2020) who reconstructed the burial history in the 
northern Baltoscandian basin based on clay mineralogy and illitization 
of smectite. Their results corroborate earlier interpretations and suggest 
that the burial depth of Ordovician carbonate rocks remained less than 
800 m in the study area, and that maximum burial depth was reached 
during the Late Devonian and Carboniferous. Potassium-Ar dates of 
mixed-layer illite-smectite and authigenic K-feldspar from Ordovician 
bentonites fall largely within a period from 420 to 370 Ma in the region 
including the Viki core (Somelar et al., 2009; ́Srodoń et al., 2009). These 
include 382 ± 12 and 381 ± 10 Ma K-Ar dates of illite-smectite from the 
Kinnekulle K-bentonite in the Viki core (Środoń et al., 2009), recording 
shallow diagenesis largely predating the timing of maximum burial. This 
illitization is attributed to west-directed fluid migration from the rising 
Scandinavian Caledonides during the Silurian–Early Devonian Scandian 
phase of the Caledonian Orogeny (Środoń et al., 2009; Somelar et al., 
2009). 

3. Methods 

Two parallel sets of polished thin sections were made of the two 
samples. The 30-μm-thick thin sections were used for optical petrog
raphy and 100-μm-thick sections for backscatter electron (BSE) mapping 
by SEM, trace-element mapping by LA-quadrupole-ICP-MS, and U–Pb 
analysis by LA-multicollector-ICP-MS carried out in-sequence. Ten areas 
in each Viki19-7A and − 27 were first mapped using BSE-SEM and three 
areas in each were selected for LA-ICP-MS analyses. 

3.1. Trace-element mapping by LA-quadrupole-ICP-MS 

Trace-element mapping was carried out using a Teledyne-Cetac 
Analyte Excite 193 nm excimer laser connected to an Agilent 8900 
QqQ-ICP-MS. A square laser beam was rastered over three rectangular 
areas (~1.7–3.8 mm2) in each thin section, always ablating lines in a 
left-to-right direction, and with 1 μm overlap between lines to avoid 
unablated gaps. All areas were initially mapped with a 35 μm-square 
beam. A smaller part of one of the areas was subsequently mapped with 
a 20 μm-square beam. Ablations were carried out in a two-volume laser 
cell within a He atmosphere, and ablated material was transported in a 
He carrier gas and mixed with Ar just before entering the ICP torch. The 
following analytes were measured sequentially with 6 ms dwell times on 
a secondary electron multiplier: 24Mg, 28Si, 31P, 43Ca, 55Mn, 56Fe, 88Sr, 
139La, 140Ce, 163Dy, 172Yb, 206Pb, 208Pb, 232Th, and 238U. A smaller 
subset of these analytes was measured for some of the maps. Other laser 
and ICP-MS instrument parameters are given in Table 1. 

The NIST 612 reference glass was measured between every 7 sample 
lines and the BHVO-2G reference glass was measured 2–3 times in each 
sequence. Both glasses were analyzed by rastering over lines (~45–60-s- 
long for NIST 612 and ~ 40-s-long for BHVO-2G) with the same pa
rameters used on the samples. Pauses of 5–8 s allowed signal washout 
between lines to avoid carryover of signal between measurements of 
samples and reference materials. 

Data were reduced using a customized version of the “Trace Ele
ments” data reduction scheme in Iolite v. 3.71 (Paton et al., 2011). On- 
peak baselines were subtracted from the signal on each mass. Calcium- 
43 was used as an internal elemental standard (assuming 40 wt% Ca for 
the calcite) to account for differences in ablation yield, aerosol trans
port, etc. between the different sample and reference material matrices. 
The NIST 612 reference glass was used to calibrate sensitivity factors for 
each analyte relative to the internal elemental standard. Trace-element 
maps were produced using the “Create Image from Selections” tool in 
Iolite. 

The use of an appropriate calibration reference material and internal 
elemental standard should, in-theory, permit the accurate quantification 
of elemental concentrations. There are several challenges to quantifi
cation that are relevant to the trace element mapping of carbonate: 1) 

Table 1 
Instrument parameters for the LA-ICP-MS trace-element mapping and U–Pb 
dating.   

Trace-element mapping U–Pb dating  

Analyte Excite 193 nm 
excimer laser  

Fluence 3 J/cm2  7 J/cm2 

Beam size 
20 μm square; 35 μm 
square 85 μm circle 

Repetition rate 10 Hz  10 Hz 
Scan speed 12 μm/s; 20 μm/s – 
He into cell 0.5 L/min  0.28–0.33 L/min 
He into cup 0.3 L/min  0.19 L/min  

Agilent 8900 QqQ-ICP-MS Nu Plasma 3 MC-ICP-MS 
RF power 1150 W  1300 W 
Coolant gas 15.0 L/min 13.5 L/min 
Auxiliary gas 0.9 L/min  0.9 L/min 
Ar mixed with carrier gas 0.72 L/min 1.05–1.06 L/min  
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the NIST 612 and BHVO-2G reference glasses, used for calibration and 
quality control, respectively, are not matrix-matched to carbonate 
samples; and 2) accurate quantification relies on a known concentration 
of an internal elemental standard. For an area composed of pure calcite 
or aragonite, a Ca concentration can be assumed based on stoichiometry 
of CaCO3. However, if the carbonate phases are solid solutions with 
dolomite or other components, and 40 wt% Ca is assumed, this will lead 
to biases in the quantified elemental concentrations. For these reasons, 
we treat the trace-element maps only qualitatively. 

3.2. U–Pb dating by LA-multicollector-ICP-MS 

The U–Pb isotopic analyses were done over two analytical sessions 
using the same LA system connected to a Nu Plasma 3 multicollector- 
ICP-MS. Thirty-second ablations were preceded by 25–30 s baselines 
and followed by 5 s washouts. Mercury-202 and 204(Pb + Hg) were 
measured on secondary electron multipliers, 206Pb and 207Pb were 
measured on Daly detectors, and 232Th and 238U were measured on 
Faraday cups with 1011-Ω resistors. Lead-208 was incident on a sec
ondary electron multiplier but was deflected away to prevent tripping 
the ion counters when encountering large common-Pb signals. Other 
laser and ICP-MS instrument parameters are given in Table 1. 

Measurements of NIST 614 glass, WC-1 reference calcite (Roberts 
et al., 2017), and two in-house calcite reference materials were 
measured at the beginning and end of each sequence, as well as between 
every 5–6 sample measurements. The ASH-15 reference calcite (Nuriel 
et al., 2020) was also measured in one sequence. 

Data were reduced using the “VizualAge UComPbine” data reduction 
scheme (Chew et al., 2014) in Iolite 4. On-peak baselines were fitted 
with an “automatic spline” and subtracted from the signal on each 
channel. The first 2.5 s and last 1 s of signal were trimmed from each 
measurement. Measurements of NIST 614 were fitted with automatic 
splines and used to correct for drift in the 238U/206Pb ratio, as well as to 
normalize 207Pb/206Pb ratios. Due to assumed differences in elemental 
fractionation behavior between carbonate matrices and glass, no 
downhole U–Pb fractionation correction was performed, necessitating 
use of data from the same interval for each measurement (i.e., 2.5 s and 

1 s trimmed from the beginning and end, respectively). Further 
normalization and uncertainty propagation were performed offline. Due 
to differences in elemental fractionation behavior between glass and 
carbonate matrices, drift-corrected 238U/206Pb ratios for the calcite 
measurements required normalization to a reference calcite. The 
238U/206Pb of individual analyses were normalized using the common- 
Pb-anchored (207Pb/206Pb = 0.85) discord lower-intercept date for the 
WC-1 reference calcite in each sequence relative to a reference age of 
254.4 Ma (Roberts et al., 2017). The potential for bias in the U–Pb dates 
due to inadequate reference material-sample matrix matching (e.g., 
Guillong et al., 2020) is discussed in Appendix A. An additional 2.5% 
and 1% were quadratically added to the 238U/206Pb and 207Pb/206Pb 
ratios, respectively, for each measurement, resulting in MSWD ≅ 1 for 
regressions in 2-D Terra-Wasserberg space for the two in-house calcite 
reference materials (see below). Error correlation coefficients (rho) were 
calculated with internal uncertainties on raw signals using eq. 78 of 
Schmitz and Schoene (2007). 

Concordia diagrams and ages were generated with IsoplotR (Ver
meesch, 2018). The ages reported here are unanchored discordia lower- 
intercept dates, and the uncertainties are 95% confidence intervals 
scaled by the square root of the MSWD (if MSWD >1) for over-dispersed 
data. Results for the secondary calcite reference materials are as follows: 
ASH-15 (2.965 ± 0.011 Ma; Nuriel et al., 2020) was 2.980 ± 0.350 Ma, 
n = 5, MSWD = 2.7, 207Pb/206Pbc = 0.840 ± 0.063; UCSB-436 (11.1 Ma; 
Kylander-Clark, pers. comm.) was 10.911 ± 0.101 Ma, n = 44, MSWD =
0.78, 207Pb/206Pbc = 0.839 ± 0.002; and White Pine (13.0 Ma; Kylander- 
Clark, Pers. Comm.) was 12.680 ± 0.188 Ma, n = 44, MSWD = 1.6, 
207Pb/206Pbc = 0.697 ± 0.004. The ages reproduced for the secondary 
reference materials are accurate to within 2.5%. The large uncertainty 
for ASH-15 is likely due to some combination of the large uncertainties 
on individual measurements (from very low Pb signals due to the young 
age) and the fact that only 5 measurements define the discord. The 
lower-intercept ages for UCSB-436 and White Pine are considerably 
more precise (≤ 1.5%). To account for systematic uncertainties, for 
example bias in the age results for the secondary reference calcites and 
uncertainties in the ages of the reference calcites, an additional blanket 
uncertainty of 3% was quadratically added to statistical uncertainties of 

Fig. 3. Scans of thin sections showing areas mapped in detail by SEM-BSE and LA-ICP-MS trace-element mapping (see Fig. 5).  
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the dates reported for the samples. 

4. Results 

4.1. Petrography and trace-element characteristics of difference 
carbonate generations 

Samples Viki19-7A and − 27 are bioclastic limestones exhibiting 
grainstone and packstone textures. Echinoderm fragments are the 
dominant bioclasts, and ooids and peloids are common (Fig. 3, Fig. 4). 
Calcitic spar/microspar fills the likely original open-pack grain frame
work and both grains and cement have undergone variable later micri
tisation. A younger, clear calcite spar overprints all features, in many 
places replacing framework grains and leaving only ghost images of 
original grain constituents. Stylolites cut across all fabrics. In BSE im
ages, calcitic bioclasts are relatively dark due to variable densities of 
micropores resulting in lower backscatter response, whereas interstitial 
sparry calcite cements are relatively bright owing to their lower 
porosity, and in places internal zonation is visible (Fig. 5). 

In Viki19–27, grains and cements have distinct trace-element dis
tributions with the latter typically lower in apparent concentrations of 
Si, Fe, Sr, REE and Th, higher in apparent concentrations of Mn and U, 
and higher in ratios of Mn/Sr and 238U/206Pb, although some parts of the 

spar calcite cement of area 5 (Appendix B in the Supplementary Mate
rials) show higher apparent concentrations of Fe, REE and Th. In Viki19- 
7A, trace element distributions across the different carbonate genera
tions are less clearly defined. In some areas of each sample, zonation that 
is only vaguely apparent in BSE images is visible in the trace-element 
maps. For example, zonation which is vague or invisible in the BSE 
image is visible in trace element maps of the calcite cement in area 9 of 
Viki19–27 (Fig. 5a-f). In area 6 of Viki19-7A, some concentric zoning in 
large replacive spar calcite grains is visible in the BSE image, yet the 
trace-element (e.g., Ce) zoning is more irregular (Fig. 5h). 

4.2. U–Pb dating 

The trace-element maps guided placement of U–Pb spot analyses on 
different textural and compositional generations. The samples are rela
tively pure limestones with minimal detrital components, which could 
potentially affect the U–Pb systematics. Still, an effort was made to avoid 
areas which could contain higher concentrations of detrital components, 
e.g., stylolites. 

Bioclastic grains, regardless of clast type, yield a restricted range in 

Fig. 4. Optical microscope images in cross polarized light (left panels) and interpretations (right panels) of areas 5 and 9 in sample VIKI19–27 (see Fig. 3 for locations 
in thin section). Numbering scheme identifies the relative age of petrographic features from oldest (1) to youngest (6): 1 – bioclasts (light blue); 2–3 early stages of 
cementation (pastel green and pink colors); 4 – late-stage spar cement (grey); 5 – formation of styolites (brown lines); 6 – late micritisation overprinting all features 
(fine stipple pattern). Note that the 30-μm thin sections come from the complementary billets of the 100-μm thick sections shown in Fig. 3, and so the photomi
crographs shown here are not of the exact same areas shown in Fig. 3. (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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U/Pbc,
1 with 238U/206Pb < ~6.5 (Fig. 6). Those in Viki19–27 form a 

broadly colinear array whereas those in Viki19-7A display more scatter. 
Due to the limited spread in U/Pbc, analyses of bioclastic grains in each 
sample do not yield precise lower-intercept dates. Excluding seven an
alyses that form a roughly horizontal (variable 238U/206Pb) array on a 
concordia diagram (Fig. 6), bioclastic grains in Viki19-7A yield a lower- 
intercept date of 459 ± 45/47 Ma (statistical uncertainty on regression/ 
including propagated 3% uncertainty, MSWD = 13.0, 207Pb/206Pbc =

0.800, n = 50/57 total analyses). Bioclastic grains in Viki19–27 yield a 
lower-intercept date of 428 ± 15/19 Ma (MSWD = 2.4, 207Pb/206Pbc =

0.839, n = 46/46). 
Analyses of interstitial cements have a wider range in U/Pbc, with 

238U/206Pb up to ~15.7, thereby yielding more precise lower-intercept 
dates. Including all analyses, these generations in Viki19-7A yield a 
lower-intercept date of 412 ± 7/14 Ma (MSWD = 8.4, 207Pb/206Pbc =

0.765, n = 54/54), and those in Viki19–27 yield a lower-intercept date 
of 414 ± 5/14 Ma (MSWD = 4.1, 207Pb/206Pbc = 0.827, n = 62/62). 
Individual common-Pb-corrected 206Pb/238U dates from analyses with 
238U/206Pb > 6.5 from both samples range from ca. 376–485 Ma, with a 
weighted mean of ca. 414 Ma and MSWD = 11.8 for 56 analyses (Fig. 7). 

5. Discussion 

5.1. Trace element characteristics of the different carbonate generations 

Bioclastic grains and cements in the samples are distinguishable 
optically and in BSE images, and additional details are revealed in trace- 
element maps. Interstitial calcite cement displays various characteristics 
of diagenetic calcite, in-particular low Sr and elevated Mn/Sr (Fig. 5b-c), 
whereas bioclastic grains retain more primary marine‑carbonate trace- 
element characteristics (e.g., high Sr). 

It has been recognized in at least some cases that U/Pb ratios are 
decreased during carbonate diagenesis due to expulsion of U during 
recrystallization (e.g., Jones et al., 1995), and it has been suggested that 
this is a common feature of carbonates modified by diagenesis (Kaurova 
et al., 2010). Rasbury and Cole (2009) and Roberts et al. (2020) reveal 
much more variability in the U/Pbc of various types of carbonate, and 
the latter conclude that predicting the U/Pbc of a particular type of 
carbonate prior to analysis is challenging or impossible. The bioclastic 
grains in the samples from our study display a rather restricted range of 
U/Pbc. The spar calcite cement has variable U/Pbc, overlapping with the 
low U/Pbc of grains but also extending to relatively high U/Pbc (Fig. 5f, 
Fig. 6). In some areas, high U/Pbc corresponds to relatively low U con
centrations indicating that variability in common-Pb content also 
partially controls the observed U/Pbc (Fig. 5e-f). Regardless of the 
combination of U-partitioning and Pb-expulsion leading to the high U/ 
Pbc of interstitial calcite cement, these processes did not pervasively 
affect the bioclastic grains. 

5.2. Interpretation of the lower-intercept dates and over-dispersion 

The analyses included in each of the lower-intercept and weighted 

mean common-Pb-corrected dates are over-dispersed and yield MSWD 
>1 following uncertainty propagation. Possible explanations for this 
include: 1) independent mobilization of U and/or Pb within or among 
phases long after crystallization of the different carbonate generations 
(e.g., recent Pb- or U-loss); 2) ancient partial resetting of the U–Pb sys
tematics through recrystallization and/or intracrystalline diffusion of U 
and/or Pb in the carbonate bioclasts and pre-existing carbonate cement 
in the pore spaces; and 3) mixed sampling of bioclastic grains and 
cement generations of different age during ablation. The first scenario 
cannot be entirely ruled out. Several analyses of bioclastic grains in 
sample Viki19-7A (those excluded from the regression in Fig. 6) deviate 
to higher 238U/206Pb values from a more nearly colinear array with a 
lower-intercept date consistent with the deposition age. Such a trajec
tory could potentially be explained by recent Pb-loss or U-gain. How
ever, there are few other analyses in the samples that so obviously 
deviate from the near-colinear arrays which yield lower-intercept dates 
consistent with the depositional ages of the samples and an apparent 
slightly younger (ca. 414–412 Ma) age component. Several analyses of 
calcite cement in Viki19-7A fall to the left of the ca. 412 Ma isochron, 
but most are enveloped by the deposition-age reference isochron and 
can be explained by mixing between the depositional age and younger 
(perhaps ca. 412 Ma) age components. 

Differentiating between the other scenarios is not possible with 
existing data but, in either case, the discordia lower-intercept dates (ca. 
414–412 Ma) and the weighted-mean common-Pb-corrected date (ca. 
414 Ma) calculated for the cements would represent mixed ages between 
older (presumably depositional) and younger (cementation) age com
ponents. Thus, they likely constrain a maximum rather than absolute 
timing of cementation. The youngest common-Pb-corrected dates imply 
(re)crystallization as late as ca. 376 Ma (Fig. 7). The few common-Pb- 
corrected dates older than the depositional ages of the samples have 
relatively low U/Pbc and are therefore leveraged more by the common- 
Pb composition used for the correction. The younger common-Pb- 
corrected dates are nearer to concordia and, thus, are leveraged less 
by the common-Pb composition used for the correction. 

The U–Pb systematics of bioclastic grains may also have been reset 
during diagenesis. In this case, the low U/Pbc in the clasts compared to 
the calcite cement may be due to differences in elemental partitioning 
between the clast and cement phases. Indeed, the common-Pb compo
sitions of the different generations in each sample are similar, despite 
differences between the two samples. Nevertheless, the relatively low U/ 
Pbc and limited spread among individual analyses results in imprecise 
lower-intercept dates for bioclastic grains which are not strictly resolv
able from either the deposition ages or lower-intercept dates of the late- 
stage calcite cement. The calcite cement is, however, resolvably younger 
than the biostratigraphically constrained depositional ages of the sam
ples (Fig. 6, Fig. 7). 

5.3. The timing of diagenetic calcite (re)crystallization and its 
implications 

Despite the inability to assign a discrete absolute age to the timing of 
diagenesis—as discussed above—we interpret ca. 414–376 Ma as the 
probable time interval during which the interstitial calcite cement 
formed or recrystallized, which postdates the biostratigraphically con
strained depositional age by at least several tens of millions of years 
(Fig. 6, Fig. 7). Petrographic analyses and trace-element heterogeneities 
imply multiple phases and zonation of cements but whether those 

Fig. 5. SEM-BSE and trace-element maps for area 9 in Viki19–27 (a-f) and area 6 in Viki19-7A (g-h) (see Fig. 3 for locations). The dashed rectangles on the BSE 
images show the areas mapped by LA-ICP-MS with a 35 μm beam. The solid rectangle in a-f shows a smaller area subsequently mapped at slightly higher resolution 
with a 20 μm beam. The dashed outline in g-h indicates the approximate boundary of BSE-bright, polycrystalline spar calcite. The maps of single elements are relative 
to 43Ca as an internal elemental standard to account for differences in ablation yield. Maps are considered only qualitatively, but color scales of apparent con
centrations and ratios are linear and ‘warmer’ colors represent higher values. Circles show the locations of subsequent U–Pb spot analyses of different carbonate 
generations identified as bioclastic grains (solid circles) and interstitial cements (dashed circles). SEM-BSE images showing locations of numbered U–Pb spot analyses 
and trace-element maps of all areas are provided in Appendix B in the Supplementary Materials. 

1 Note that U/Pbc (the ratio of uranium to common-Pb) is commonly 
expressed as “μ” = 238U/204Pb. Because we do not report 204Hg-corrected 204Pb 
data, we refer simply to U/Pbc, which corresponds the position of the analysis 
along the regressions in Terra-Wasserburg space or “near-concordance”. 
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Fig. 6. Terra-Wasserburg concordia diagrams for each sample with categorization of different carbonate generations and corresponding intercept dates. Dashed lines 
are visually defined reference isochrons for the depositional ages of the samples and hypothetical common-Pb compositions and are not meant to represent precise 
regressions. Solid lines are unanchored “model-1” regressions calculated with IsoplotR (Vermeesch, 2018). The two uncertainties given for each lower-intercept date 
are the statistical uncertainties on the regressions (first number) and the full uncertainties including the quadratically added 3% blanket uncertainties. Color bands 
along concordia at the lower intercepts show the full uncertainties on the dates including the blanket 3% uncertainty. Semi-transparent ellipses with dashed outlines 
were excluded from the regression of analyses of bioclastic grains in Viki19-7A. 
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formed over a protracted time interval or as a discrete event is not 
resolvable. This episode—or period— may have also affected the bio
clastic carbonate grains, although not sufficiently to thoroughly redis
tribute major and trace elements across the different carbonate phases 
nor to fully modify the U/Pb of the grains. 

The probable age range (ca. 414–376 Ma) of the diagenetic calcite 
largely overlaps the 420–370 Ma K-Ar dates for illite-smectite and 
authigenic K-feldspar formation found throughout the Baltoscandian 
basin (Somelar et al., 2009; Środoń et al., 2009), attributed to the 
Scandian phase (ca. 430–380 Ma; Corfu et al., 2014) of the Caledonian 
orogeny (Fig. 8). Hence, the most likely genesis of diagenetic (re)crys
tallization of interstitial calcite cement was in response to fluid flow 
driven through the basin by Caledonian orogenesis, as suggested by 
Somelar et al. (2009) and ́Srodoń et al. (2009). The Viki borehole is more 
than 600 km inboard (in the direction of vergence) of the present-day 
extent of the Caledonian nappes of Norway and Sweden, and it is 
possible that the timing overlap between orogenesis and (re) 

crystallization is coincidental. However, Środoń et al. (2009) and 
Somelar et al. (2010) noted that illitization occurred across a broad zone 
that includes the Viki borehole and that this occurred at shallow depths, 
prior to the timing of maximum burial. Our data are in agreement with 
that scenario. 

These findings highlight a key implication for geochemical proxy 
data, namely, how to assess whether the processes and environmental 
conditions revealed by those data were established at the time of 
deposition or at the time of diagenesis, or reflect a mixture of both. 
Stable isotope and elemental ratio data on carbonate rocks are often 
obtained on bulk-rock samples, typically to deduce original (i.e., depo
sitional) redox conditions and isotope values. This work using spatially 
resolved U–Pb spot analyses offers a case-in-point and underscores the 
necessity for careful petrographic, imaging, and trace-element mapping 
to inform what components of a carbonate rock are being analyzed for 
environmental proxies and to confirm age similarities or differences. For 
the well-preserved Ordovician carbonate rocks sampled in the Viki core, 

Fig. 7. Common-Pb-corrected 206Pb/238U dates for individual 
analyses with 238U/206Pb > 6.5 from both samples. Analyses 
are corrected using the common-Pb composition from unan
chored regressions of all interstitial cement data. The threshold 
238U/206Pb > 6.5 is used as an arbitrary cutoff to highlight 
analyses with the most radiogenic compositions, which are 
leveraged less by the common-Pb composition used for the 
correction. Five analyses with uncertainties >5% on common- 
Pb-corrected dates are excluded. Dashed black line is the 
weighted-mean of the dates; note that the MSWD > > 1 in
dicates that the dates do not define a single population, and 
thus the weighted-mean date should not be interpreted as an 
absolute age. For this reason, the date is given as ca. 414 Ma 
with no uncertainty interval. Dashed grey lines show the 
depositional age of each sample.   
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Fig. 8. Timeline showing the range of calcite U–Pb, and illite- 
smectite and K-feldspar K–Ar dates (from Somelar et al., 2009; 
Środoń et al., 2009) relative to the timing of Scandian phase of 
the Caledonian orogeny (from Corfu et al., 2014). The shading 
gradient of the band for the Scandian record represents the 
progression from collision to orogenic collapse of the Caledo
nian orogen. The shading gradient of the band for the calcite 
U–Pb record represents—qualitatively—uncertainty of the ab
solute timing or duration of post-depositional calcite (re)crys
tallization as discussed in the text.   
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the timing of sedimentation versus that of diagenetic carbonate recrys
tallization was tens of millions of years apart, hence geochemical data 
derived from bulk-rock analyses may represent mixing of vastly different 
geochemical and environmental ancestries. Interestingly, the global 
Hirnantian carbon isotope excursion, as well as other widely developed 
Ordovician and Silurian isotopic events, are clearly recorded in the Viki 
borehole (Hints et al., 2014; Kaljo et al., 2003). Thus, it seems that late 
diagenesis has not thoroughly obscured the C isotope record. In contrast, 
S isotope trends reported from the early Silurian strata of the Viki core 
(Richardson et al., 2019) suggest mixed patterns likely due to early 
diagenetic overprints. Our findings indicate that late diagenetic effects 
should also be considered. Lastly, due to calcite's reactivity and pro
pensity for recrystallization, we emphasize the potential of the calcite 
U–Pb system as a chronometer of low-temperature diagenetic processes 
to be used in conjunction with other low-temperature chronometers 
such as K–Ar in diagenetic silicate minerals. 

6. Conclusions 

We applied LA-ICP-MS trace-element mapping and U–Pb geochro
nology on primary bioclastic grains and interstitial carbonate cemen
tation phases in two samples of well-preserved Ordovician rocks 
recovered from the Viki core on Saaremaa island, Estonia. The grains 
and cements can be readily differentiated optically and in BSE images, as 
well as via distinct trace-element characteristics from LA-ICP-MS map
ping. Bioclastic carbonate grains have a restricted range in U/Pbc and 
thus yield imprecise discordia lower-intercept dates but, nonetheless, 
are within uncertainty of the timing of deposition as established from 
biostratigraphic correlations. The diagenetic interstitial calcite cements 
have higher U/Pbc and yield more precise lower-intercept dates of ca. 
414–412 Ma. These likely represent mixed ages, and individual 
common-Pb-corrected dates extend to ca. 376 Ma. Consequently, the 
absolute timing of diagenetic calcite (re)crystallization remains impre
cise but likely occurred between ca. 414 and 376 Ma, an age range that 
overlaps with the timing of illitization as deduced from K–Ar dates from 
K-bentonites across the Baltoscandian basin. The most likely driver of 
these temporally coincident diagenetic phases was far-field fluid 
migration in response to orogenesis during formation of the Scandina
vian Caledonides. 

Our results bring into sharp focus the necessity of identifying which 
components of a carbonate rock (e.g., framework grains versus cements) 
are being analyzed when obtaining geochemical and isotopic proxy data 
aimed at deducing environmental conditions at the time of deposition. 
As the Viki core samples we analyzed show that the timing of diagenetic 
calcite (re)crystallization occurred several tens of millions of years 
following sedimentation, circumspection is needed when interpreting 
the significance of isotopic and elemental ratio trends and patterns when 
such data are derived purely from bulk analyses of carbonate rocks. 
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