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Deccan Traps continental flood basalt eruptions spanned the Cretaceous-Paleogene mass extinction, 
erupting over a million cubic kilometers of basalt over a total duration of approximately a million 
years. The environmental consequences of flood basalt eruptions depend on the timing and amount 
of volatile release; eruption rates are thus needed to evaluate their potential to cause climate change. 
Radioisotopic dates are not currently sufficient to resolve sub-ten thousand year eruptive tempos, 
necessary for constraining the effects of short-lifetime volatiles including sulfur dioxide. Recent studies 
have demonstrated that increases in mercury concentration in sedimentary records correlate with flood 
basalt eruptions under some circumstances. However, mercury concentrations have primarily been used 
to show the presence or absence of flood basalt eruptions. We show that this proxy can be used to 
quantitatively estimate eruptive rates using a mercury geochemical cycle framework. We illustrate this 
using new mercury chemostratigraphic records from terrestrial Cretaceous-Paleogene boundary sections 
in eastern Montana, USA, with multiple high-resolution chronologic constraints. We estimate that Deccan 
eruptions lasted on the order of centuries and released 500–3000 megagrams (Mg) of mercury per 
year, corresponding to ∼50–250 km3/a of lava. The box model framework highlights the importance 
of carefully accounting for differences in sedimentation rate and sampling resolution when comparing 
mercury records from different locations and depositional environments. While there are uncertainties in 
the box model estimates due to possible variation in flood basalt mercury emissions and sedimentation 
rates, they provide a useful framework to quantitatively evaluate the global mercury budget change 
indicated by changing concentration in sedimentary records. Eruptions of the estimated size would have 
released enough SO2, if it reached the stratosphere, to cause significant cooling for the duration of the 
eruption. However, given our constraints on the duration of individual eruptions, these colder periods are 
likely too brief to be clearly visible in most existing paleoclimate records.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The end of the Cretaceous Period was a time of profound envi-
ronmental change, which culminated in the extinction of all non-
avian dinosaurs among many other organisms (e.g. Schulte et al., 
2010). Two catastrophic events were coeval with the extinction – 
the Chicxulub bolide impact and Deccan Traps continental flood 

* Corresponding author.
E-mail address: isabel.fendley@berkeley.edu (I.M. Fendley).
https://doi.org/10.1016/j.epsl.2019.115721
0012-821X/© 2019 Elsevier B.V. All rights reserved.
basalt eruptions (e.g. Renne et al., 2013). Both the impact and the 
Deccan eruptions had the potential to cause global climate change, 
releasing thousands of Tg of climatically active gases such as sulfur 
dioxide (SO2, leads to sulfate aerosol driven cooling) and carbon 
dioxide (CO2, greenhouse warming) (e.g. Self et al., 2006).

The climate effects of these gases occur on different timescales 
and are directly related to the eruptive flux, neglecting the contri-
butions of volatiles emitted during quiescent intervals (e.g. Black 
et al., 2018; Self et al., 2014). Deccan eruptive events are hy-
pothesized to have emitted enough SO2 to cause significant and 
rapid global cooling, whereby the duration of the cold interval is 

https://doi.org/10.1016/j.epsl.2019.115721
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:isabel.fendley@berkeley.edu
https://doi.org/10.1016/j.epsl.2019.115721
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2019.115721&domain=pdf


2 I.M. Fendley et al. / Earth and Planetary Science Letters 524 (2019) 115721
Fig. 1. Map of the studied localities in eastern Montana, USA. The star indicates the town of Jordan, MT. The Nirvana locality is labeled as NV; Iridium Hill Annex is labeled 
as IRA.
proportional to the duration of the eruption, as SO2’s lifetime in 
the atmosphere is short: weeks in the troposphere, a few years 
in the stratosphere (e.g. Schmidt et al., 2016). In contrast, car-
bon cycle models indicate that CO2 pulses persist for thousands 
of years in the atmosphere (e.g. Zeebe, 2012). Consequently, CO2
may accumulate through multiple eruptive events and lead to 
greenhouse warming on longer timescales (e.g. Archer et al., 2009;
Self et al., 2006; Tobin et al., 2016). The extent of these climate ef-
fects depends on both the quantity and rate at which volcanogenic 
CO2 and SO2 is released, as well as the length of hiatuses between 
eruptions (e.g. Black et al., 2018). Therefore in order to determine 
the climatic effects of Deccan volcanism, it is necessary to under-
stand the eruptive rate at a resolution comparable to individual 
eruptions (Self et al., 2014).

While the main Deccan eruptive sequence lasted for approxi-
mately a million years, active eruptions potentially occurred only 
a few percent of the time (e.g. Self et al., 2014). Dates of Dec-
can basalts place the Cretaceous-Paleogene boundary near the be-
ginning of the most voluminous eruptive interval, the Wai sub-
group (Schoene et al., 2019; Sprain et al., 2019). The current max-
imum level of precision for any radioisotopic dating technique 
on Cretaceous-age basalt is tens of thousands of years; however, 
individual eruptive events for flood basalts have been hypothe-
sized to be ten to hundreds of years in duration based on phys-
ical and petrologic properties of lava flows (Self et al., 2006;
Thordarson and Self, 1996). Consequently, while radioisotopic dates 
are an essential tool in determining cumulative eruptive rates 
throughout the entire Deccan sequence, they cannot presently pro-
vide sub-ten thousand year eruptive records as required.

Mercury is used as a tracer of flood basalt eruptions, as vol-
canogenic mercury is deposited into sediments geologically rapidly 
(Percival et al., 2015; Sanei et al., 2012). Volcanism is a major 
natural source of mercury to the environment, and it is recy-
cled through different environmental reservoirs (e.g. Fitzgerald and 
Lamborg, 2014 and references therein). The residence time for 
gaseous mercury is ∼9 months in the atmosphere, which is long 
enough to be distributed globally, though not necessarily homo-
geneously (Chen et al., 2018). Atmospheric mercury gas can be 
oxidized, dissolved into water vapor and rained out, or directly 
taken up by biota. Aqueous or biotic mercury on continents fre-
quently accumulates in rivers and lakes, and a significant fraction 
is adsorbed onto sediment or particulate material (e.g. Driscoll et 
al., 2007). Mercury in continental waterways either reaches the 
ocean or is buried in fluvial or lacustrine sediment. In sediment, 
the mercury may be associated with organic carbon or sulfur, and 
it is important to consider interactions with these species. Models 
indicate that although the time between the emission of gaseous 
mercury and final burial in sediment ranges from almost imme-
diate to several thousand years, the majority is buried within a 
thousand years (Amos et al., 2014).

The abundance of sedimentary mercury has previously been 
used as an indicator of Deccan volcanic eruptions (e.g. Font et 
al., 2016; Sial et al., 2016; Keller et al., 2018; Percival et al., 
2018). However, the interpretation has focused primarily on the 
presence or absence of mercury concentration peaks at a par-
ticular time interval. Most records display increases in mercury 
concentration in the vicinity of the Cretaceous-Paleogene bound-
ary, indicating a potential increase of the global mercury bud-
get. Comparison of these records from multiple locations indicates 
variation in peak sizes and timing, possibly due to uncertainty 
in chronology, sediment accumulation rate (SAR), and lithologic 
changes (Percival et al., 2018). Well-characterized environmental 
mercury box models present an opportunity to investigate and 
compare these records quantitatively, and to estimate the erup-
tive flux required to produce a mercury concentration peak. Herein 
we present a high-resolution terrestrial mercury record with pre-
cise chronologic constraints to improve understanding of volcanism 
around the Cretaceous-Paleogene boundary. Then, we describe a 
model framework for assessing global mercury cycle change indi-
cated by a concentration change in sedimentary records.

2. Geologic setting

This study examines the mercury record around the Cretaceous-
Paleogene boundary from two terrestrial sites, Iridium Hill An-
nex and Nirvana, within the Cretaceous Hell Creek Formation 
and the Paleogene Tullock Member of the Fort Union Forma-
tion in northeastern Montana (Fig. 1). These units are composed 
of fluvial and floodplain deposits, mainly claystones to siltstones, 
with occasional crossbedded sandstones and lignite seams within 
the more finely bedded Tullock Member. Rivers transport mer-
cury from continental biomass and sediments to the ocean, dom-
inantly as particulate mercury species (Amos et al., 2014; Cossa 
et al., 1996). Fluvial sediments are therefore likely to increase in 
mercury concentration following an increase in mercury within 
proximal soils or biomass. This conclusion is corroborated by an 
increase in mercury concentrations in modern fluvial sediments 
due to anthropogenic mercury release (e.g. Amos et al., 2014;
Fitzgerald and Lamborg, 2014 and references therein).

The Hell Creek and Fort Union formations have been exten-
sively studied, and a detailed chronostratigraphy has been es-
tablished based on radioisotopically dated volcanic tephra layers 
and magnetostratigraphy (Fastovsky and Bercovici, 2016 and refer-
ences therein; Sprain et al., 2018, 2015). The Cretaceous-Paleogene 
boundary is recognized here by an impact ejecta claystone and 
iridium anomaly within the “Iridium Z” coal seam (Alvarez, 1983), 
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and a tephra layer within a few centimeters of the claystone 
has been radioisotopically dated in both sites examined in this 
study with a pooled date of 66.052 Ma (Renne et al., 2013;
Sprain et al., 2018, and references therein).

3. Methods

3.1. Chemical analyses

3.1.1. Sample preparation
Samples were collected from trenches exposing visibly un-

weathered rock, wrapped in aluminum foil and placed into plas-
tic bags. Samples which contained any roots or traces of mod-
ern plant/fungal material were not analyzed. Stratigraphic sections 
were recorded simultaneously with sample collection. Samples 
were crushed to a fine powder using a ceramic mortar and pes-
tle, then freeze-dried and stored in a desiccator prior to mercury 
concentration (THg) analysis. An aliquot was retained for organic 
carbon concentration (TOC) analysis.

3.1.2. THg analysis
All analyses were performed at the USGS in Menlo Park fol-

lowing standard methods for solid phase samples (Olund et al., 
2004). Samples were initially digested at room temperature with 
aqua regia (3:1, concentrated HCl:HNO3), then further oxidized by 
adding 5% bromium monochloride and heated in an oven at 50 ◦C 
overnight. Samples were then analyzed with an automated Total 
Mercury analyzer (Tekran, Model 2600) with cold vapor atomic flu-
orescence spectrophotometric (CVAFS) detection. Analytical dupli-
cates of homogenized samples yielded a mean (± standard error) 
percent deviation of 2.6% ± 0.6% (N = 12) (Duplicates sheet). Cer-
tified reference material (PACS-3, marine sediment, certified value 
3.0 μg/g) recoveries were 95.3 ± 2.5% (mean ± standard error, 
N = 11).

3.1.3. TOC analysis
Carbonate was removed from a 70 mg sample aliquot through 

acidification for 24 h using 3 mL 1 M HCl (e.g. Arens et al., 2014). 
The samples were then rinsed three times with 5 mL MilliQ wa-
ter, freeze-dried, and packed into tin capsules. They were analyzed 
for carbon concentration using a CHNOS Elemental Analyzer (El-
ementar, Hanau, Germany) at the UC Berkeley Center for Stable 
Isotope Biogeochemistry. The percent calibration was based in the 
National Institute of Standards and Technology (Gaithersburg, MD, 
USA) reference materials. The carbon concentrations of two labora-
tory quality control standards (soil materials with certified low and 
high organic content from Elemental Microanalysis, Devon, UK) re-
produced their accepted values of 1.61% and 9.20% respectively to 
3.7 ± 1.4% (mean ± standard error, N = 7). Duplicates of samples, 
acidified separately, had a mean percent deviation of 4.2 ± 1.9% 
(± standard error, N = 8).

3.2. Stratigraphy and age model

The chronologies of Iridium Hill Annex and Nirvana localities 
(Fig. 1) are both constrained by 40Ar/39Ar dating (Sprain et al., 
2018 and references therein). The age model for each locality is 
determined by linearly interpolating between dated coal seams, 
and the two records are correlated using the Cretaceous-Paleogene 
boundary. Each locality contains the Cretaceous-Paleogene bound-
ary within the Iridium Z (IrZ) coal and tephra layer (66.052 ±
0.008 Ma, Sprain et al., 2018) and an additional dated horizon: the 
top of the Iridium Hill Annex section is the Hauso Flats Z (HFZ) 
coal, which contains two dated tephra layers (65.973 ± 0.020 Ma, 
Sprain et al., 2015) and Nirvana contains the McGuire Creek Z 
(MCZ) coal seam and tephra layer (66.024 ± 0.014 Ma, Ickert et 
al., 2015; Sprain et al., 2018).

Linear interpolation between dates yields mean sediment ac-
cumulation rates (SARs) of 25 cm/ka for Iridium Hill Annex and 
14.75 cm/ka for Nirvana. Both localities are entirely within magne-
tochron C29R, and although paleomagnetic sampling has not been 
done at these sites, the C29R/C29N reversal has been documented 
∼15 m higher than the top of the Iridium Hill Annex section at 
the nearby Hell Hollow locality (Sprain et al., 2018). Utilizing the 
mean SARs both records have ∼2 ka resolution on average, <1 ka 
resolution close to the boundary, and combined they span 40 ka 
pre- and 80 ka post-impact.

Each of the coals used to calculate the SARs are in the Paleo-
gene, in addition to the IrZ coal at the boundary. Given the lack 
of any other age constraints in these localities, we continue to uti-
lize the same SAR in the Cretaceous portion of the sections. This 
extrapolation is justified given the average late Maastrichtian age 
SAR of 19 ± 4 cm/ka in several Hell Creek Formation localities ap-
proximately 50 km from IRA and NV, where a tephra layer in the 
late Maastrichtian is dated in addition to the MCZ (Sprain et al., 
2015).

We acknowledge that in a fluvial/floodplain system, the SAR 
may not be constant. Nevertheless, it is impossible to determine 
the SAR more accurately in this interval given the current chronos-
tratigraphic constraints. We note that there are no large channels 
within these sections and no evidence of prolonged hiatuses in 
sedimentation. Hiatuses may decrease mercury concentrations in 
the exposed sediment surface due to dissolution into river wa-
ter or runoff, which in a fluvial system may be greater magnitude 
than adsorption of dissolved mercury. The mercury concentration 
would then presumably return to background levels in overlying 
sediment.

3.3. Mercury box model

3.3.1. Box model parameters
A box model for modern mercury cycling (Fig. 2) was used to 

predict when gaseous mercury from a subaerial volcanic eruption 
is ultimately deposited, as well as estimate the size of atmospheric 
mercury pulse required to create the peaks in our record (Amos 
et al., 2015, 2014, 2013) (https://github .com /SunderlandLab /gbc -
boxmodel). This model approximates the global mercury cycle as 
an exchange between seven reservoirs: three terrestrial sediment 
pools (fast, slow, armored), three ocean water pools, and the at-
mosphere. The model also incorporates coastal and deep marine 
sediments as sinks. All rate coefficients and initial/steady state 
reservoir sizes are based on extensive analysis and calibration with 
detailed models and observations of the modern mercury cycle 
(Amos et al., 2015). The box model can produce a good agreement 
with observed anthropogenic mercury increases in terrestrial peats 
and lake sediments (Amos et al., 2015).

The lack of detailed spatial or climate parameterization make 
the box model general enough to extrapolate back to the Cre-
taceous. However, the rate coefficients may not accurately reflect 
Cretaceous mercury cycle conditions. There are critical differences 
between late Cretaceous, early Paleogene, and modern environ-
ments. The most important factors for the global mercury cycle are 
potentially the lack of ice caps and permafrost, a generally warmer 
global climate, and the runoff and ocean circulation changes that 
may have accompanied the mass extinction. Ice and snowpack 
are already not explicitly included in the model (Amos et al., 
2013). The potential increase in runoff at the Cretaceous-Paleogene 
boundary, plus rapid temperature fluctuations, may increase the 
transfer rate from terrestrial sediments to the ocean. However, the 
amplitude of these effects is presently not well constrained, even 
for modern global warming scenarios (Lugato et al., 2018). Lastly, 
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Fig. 2. Schematic for the modern mercury box model utilized in this study (Amos et al., 2013). Steady-state reservoir sizes used are from the most recent model version 
(Amos et al., 2015) and are reported in Mg and Mg/a respectively. Both reservoir sizes and fluxes will change in response to a perturbation, as fluxes are scaled to the 
reservoir sizes. Marine sediment and the deep mineral reservoirs do not have steady state sizes, as they are solely sinks and a source respectively. Enrichment factors for 
marine sediment reservoirs are therefore calculated with respect to the flux. In this model, all input to coastal marine sediment is assumed to be suspended sediment from 
rivers, deposited on the continental shelf.
the disturbance of the biological pump due to the mass extinc-
tion will presumably have changed mercury cycling between the 
surface and deeper ocean reservoirs, though it is unlikely to have 
affected terrestrial reservoirs significantly.

We therefore used the rate constants and initial reservoir sizes 
from Amos et al. (2015) and introduced pulses of atmospheric 
mercury via the model’s anthropogenic input parameter. We set 
the background geogenic (volcanic, hydrothermal, and other natu-
ral background sources) mercury input at 90 megagrams per year 
(Mg/a), consistent with recent estimates of volcanogenic mercury 
(Amos et al., 2013; Bagnato et al., 2014, 2011). The geogenic back-
ground is the primary source of uncertainty in the model, as back-
ground mercury flux from volcanism and weathering during this 
interval is unknown and may include smaller magnitude Deccan 
eruptions and any persistent non-eruptive volcanic gas release. An 
increase in the geogenic background would increase the size of 
all the box model reservoirs; for example, a significantly larger 
geogenic background of 200 Mg/a leads all reservoirs to increase 
by a factor of ∼2.2. Consequently, a more massive volcanic pulse 
is required to enhance the mercury concentrations for geogenic 
emissions of 200 Mg/a compared to 90 Mg/a. Another critical as-
sumption in the model is the absence of a terrestrial sediment 
sink. In this study, we assume that the terrestrial sediments sam-
ple the concentration of the various terrestrial mercury reservoirs 
and that the amplitude of any terrestrial sediment sink is small 
compared to the other fluxes.

For each model run, we calculate an enrichment factor for each 
of the terrestrial pools and ocean sediment pools. The model en-
richment factor is simply the reservoir size at any time-step di-
vided by the initial reservoir size. These terrestrial pools of the 
mercury model (Smith-Downey et al., 2010) are based on terres-
trial carbon cycle pools using the framework of the CASA carbon 
biogeochemical model (Potter et al., 1993). They are each defined 
by their residence times: the fast terrestrial carbon pool (primarily 
organic litter) turns over in about a year, the slow (topsoil) does so 
in decades, and the armored (deeper soil, sediment) pool in hun-
dreds to thousands of years (Potter et al., 1993). To approximate a 
fluvial sediment enrichment factor, we calculate a combination of 
10% fast, 80% slow, and 10% armored enrichment factors. This com-
bination of fast-slow-armored is because rivers source sediment 
from topsoil or upper sediment horizons, which generally have ap-
propriate turnover times for the slow pool (Mathieu et al., 2015). 
Rivers also incorporate organic litter and deeper sediment, so we 
include 10% fast and armored reservoirs respectively. This choice 
affects the response rate of the modeled record to the mercury 
pulse.

Fluid infiltration diffuses mercury concentration over the top 
few centimeters of riverine wetland sediment at the time of de-
position (e.g. Goulet et al., 2007). Iridium Hill Annex and Nirvana 
have SARs of ∼25 cm/ka and ∼14 cm/ka respectively, and thus 
with 2 cm of equilibration each sample averages over ∼80–142 yr
of mercury deposition. To approximate this diffusion, we apply 
a moving smoothing window with a width of 125 yr. This also 
accounts for the size of samples, which are homogenized during 
preparation. Changing the SAR in the model affects the peak size 
and duration of mercury enrichment in response to an atmospheric 
pulse (Fig. 3). This is illustrated by the lower peak enrichment fac-
tor for a wider smoothing window (625 yr).

In coastal ocean sediment, bioturbation can lead to mixing on 
vertical scales of order 5 cm, and potentially much larger. Conser-
vatively, we apply smoothing windows averaging over widths of 
2500 yr and 5000 yr to represent SARs of a few cm/ka (Fig. 3). We 
report the enrichments in terrestrial and marine reservoirs for a 
variety of pulse sizes, durations, and smoothing window widths in 
the supplement (Model_tables and Fig. S1).

3.3.2. Volcanic volatile content estimates
To estimate the eruptive rate and volume necessary to produce 

an atmospheric mercury (Hg) pulse, we (1) estimate the amount 
of sulfur dioxide produced concurrently with the mercury, using 
mean volcanic Hg/SO2 ratios, then (2) use existing Deccan SO2 per 
basalt volume estimates from melt inclusions to calculate the cor-
responding amount of basalt.

Volcanic Hg/SO2 ratios vary by several orders of magnitude, 
both between volcanoes and even within the same eruption (e.g. 
Pyle and Mather, 2003). This is due, at least in part, to differ-
ences in partitioning behavior between mercury and sulfur, which 
may be dependent on temperature or other parameters which vary 
during the course of an eruption or over the lifetime of a sys-
tem (Witt et al., 2008). Thus the Hg/SO2 ratio is a large source of 
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Fig. 3. Modeled mercury enrichment factors for fluvial and coastal marine sedi-
ments for typical ranges of sediment accumulation rates, before, during, and after 
two 2000 Mg/a, 100-year atmospheric Hg pulses. The fluvial sediment is assumed 
to be dominantly sampling the slow soil reservoir of the box model (Amos et al., 
2014). (For interpretation of the colors in the figure(s), the reader is referred to the 
web version of this article.)

uncertainty for the eruptive volume estimates in comparison to 
the uncertainties in the box model parameterization. We assume 
a mean ratio of 5 × 10−6 Hg/S by weight (Fitzgerald and Lam-
borg, 2014 and references therein), so for example, a pulse of 1000 
Mg/a Hg would correspond with the release of 200 Tg S or 400 Tg 
SO2 per year. We acknowledge that this estimate may not be cor-
rect for Deccan eruptions, either because flood basalts differ from 
most modern volcanism due to a mantle plume-head source, or 
because of differences in the composition of the basement rock. 
The latter is of particular relevance for the Siberian Traps, which 
was emplaced into volatile-rich sedimentary country rock – poten-
tially releasing non-magmatically sourced mercury (e.g. Saunders, 
2016). This is assumed not to be the case for Deccan, which was 
emplaced dominantly into granitoid rock (e.g. Radhakrishna and 
Naqvi, 1986).

Each cubic kilometer of basalt is estimated to correspond with 
the release of several Tg of SO2. Estimates of the exact amount of 
SO2 for Deccan basalt vary, but we use an estimate of 5 Tg SO2
per km3 based on the TiO2-normalized difference in sulfur con-
centration between Deccan melt inclusions and basalt matrix (Self 
et al., 2008). A 1000 Mg/a Hg pulse, therefore, corresponds with an 
eruptive rate of 80 km3 of basalt per year. For reference, the entire 
uneroded onshore Deccan basalt volume is estimated to be ∼1.3 
million km3 (Jay and Widdowson, 2008).

4. Results

4.1. Mercury concentration chemostratigraphy

Both Iridium Hill Annex (IRA) and Nirvana (NV) have ele-
vated mercury concentration 1000 yr (15 cm) of the Cretaceous-
Paleogene boundary (177 ng/g at IRA, 252 ng/g at NV), and there 
are additional mercury peaks both above and below the boundary 
(Fig. 4). The background mercury concentration in this interval is 
approximately 30–50 ng/g at both localities, similar to those pre-
dicted by pre-anthropogenic mercury budgets (e.g. Fitzgerald and 
Lamborg, 2014 and references therein). The peaks correspond to 
enrichment factors of 3–5 with respect to this background. As the 
interval analyzed is entirely within the Deccan eruptive period, it 
is possible that this background is elevated during this entire inter-
val due to smaller ongoing Deccan eruptions or any non-eruptive 
persistent mercury degassing, including from intrusive magmas via 
fumaroles (e.g. Witt et al., 2008). If this is the case, larger quan-
tities of mercury are required to cause the observed enrichment 
factors (Fig. 3).

4.2. Mercury and total organic carbon

There is not generally a strong relationship between mercury 
and organic carbon in our data (Fig. S2a). Thus the estimated en-
richment factors remain ∼3–5 when normalized to TOC, with re-
spect to a background of ∼15 μg Hg/g OC. While at lower TOC 
there is a vague relationship between mercury and TOC (Fig. S2b), 
there is a point at which increasing TOC does not increase mer-
cury deposition, and samples with high TOC (>1%) do not have 
consistently higher mercury concentrations. The relationship be-
tween mercury and TOC, particularly in the geologic record, is 
known to be complex (e.g. Grasby et al., 2013; Percival et al., 2018;
Sanei et al., 2012) and presumably a function of the type of organic 
material in addition to the availability of sulfides, clays, or other 
materials with which mercury can be deposited. These factors lead 
to some unquantifiable uncertainty in our enrichment factors.

4.3. Box model eruption size estimates

Eruptions are modeled as mercury pulses using a modern mer-
cury cycle box model (Amos et al., 2013). These pulses cause 
inflation of the modeled global mercury budget and an increase 
in each of the modeled reservoirs. We also apply a smoothing 
window to the modeled terrestrial record, based on SAR (see sec-
tion 3.3). High enrichment factors are caused by a high rate of 
mercury emission, long duration of a pulse, or both. A range of 
mercury pulse sizes could cause terrestrial enrichment factors of 
3–5: ∼2000–3000 Mg/a for ∼100-year eruptions, or longer events 
of smaller magnitude, e.g. a 500 Mg/a pulse for ∼1000 yr.

To further constrain the eruptive duration, we consider how 
much time is needed for an individual pulse of atmospheric mer-
cury to be completely deposited into sediment. Using the same box 
model, we plot the total environmental enrichment for 1500 yr, 
during and after a century-long 2000 Mg Hg/a eruption, along 
with the proportion of the enrichment in each reservoir (Fig. 5a, 
b, c). It can be seen that increased mercury deposition in terres-
trial systems lasts a maximum of a thousand years post eruption 
(Fig. 5c). As consecutive samples with elevated mercury are rare 
within the 1–2 ka resolution record, we infer that these individual 
eruptions lasted a few centuries, and no longer than ∼500 yr. At a 
500 yr duration or longer, one would expect the eruption to cause 
elevated mercury concentrations in multiple consecutive samples. 
This additional constraint now limits the range to 100-year events 
emitting pulses of 2000–3000 Mg/a to 500-year events emitting 
500–1000 Mg/a.

Approximately 12.5 Mg mercury is released per cubic kilo-
meter of basalt erupted, using an average volcanic mercury to 
sulfur ratio (Bagnato et al., 2014; Fitzgerald and Lamborg, 2014)
along with estimates of Deccan sulfur content from melt inclu-
sions (Schmidt et al., 2016; Self et al., 2008) (see section 3.3). 
Peak terrestrial enrichment factors of 3–5 then suggest eruptive 
rates of ∼40–80 km3/a for 500-year events and ∼160–240 km3/a 
for 100-year events (Fig. 6), resulting in maximum eruptive vol-
umes of 16,000–40,000 km3. There are ∼10 peaks in our record, 
resulting in a cumulative 160,000–400,000 km3 of basalt, which 
is within an order of magnitude of the independent estimate of 
∼150,000–200,000 km3 of basalt emplaced in the first ∼100 ka 
of the Paleocene (Jay and Widdowson, 2008; Schoene et al., 2019;
Sprain et al., 2019). These field-based volume estimates are likely 
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Fig. 4. Stratigraphic sections, mercury (Hg), total organic carbon (TOC), and Hg/TOC data for both localities analyzed in this study.

Fig. 5. a) Total environmental mercury enrichment (above background) summed over all reservoirs through time following a Deccan-scale 2000 Mg/a, 100-year atmospheric 
mercury pulse input into a modern mercury box model (Amos et al., 2014). b) The proportion of the total enrichment within each reservoir following the same atmospheric 
mercury pulse. c) The enrichment factors (above background) in the atmospheric reservoir, terrestrial fast and slow soil reservoirs, and marine coastal and deep ocean 
sediment reservoirs following the same atmospheric mercury pulse.
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Fig. 6. Mercury enrichment factors in the terrestrial reservoir, with 125 yr sediment 
averaging, for a range of eruptive volumes and durations.

lower bounds since an uncertain, but presumably large, amount of 
Deccan Traps basalt has been eroded in India’s tropical environ-
ment over the last 66 Ma.

5. Discussion

5.1. Potential Hg sources

There are a few non-Deccan potential mercury sources: a) sed-
imentary (fluid remobilization) effects, b) local volcanism, or re-
mobilization of sedimentary/biomass mercury due to c) wildfires, 
or d) via changes in weathering. We do not believe these are the 
dominant mercury sources for the following reasons:

5.1.1. Sedimentary effects
The presence of similar size mercury concentration peaks at 

both localities demonstrates that these are at least regional sig-
nals, rather than due to any local sedimentary/fluid remobilization 
effect. Additionally, we have ruled out variation due to changes 
in organic carbon concentration, and there is no visible pyrite, in-
cluding within lignites, suggesting that sulfides are not the primary 
control on mercury concentrations.

5.1.2. Local volcanic eruptions
Local volcanic eruptions, from the Bitterroot Lobe of the Idaho 

Batholith (Ickert et al., 2015), frequently occur during the Creta-
ceous and Paleocene. Several samples contain tephra from these 
eruptions, as well as immediately surrounding sediment. How-
ever, these samples do not record elevated mercury concentrations 
(Fig. S1). The only exception is the Nirvana sample, which contains 
the IrZ tephra layer as well as the Cretaceous-Paleogene boundary 
clay.

We believe this lack of signal to be due to the short duration of 
the local eruptions. As mercury equilibrates over a few centimeters 
of sediment post-deposition (e.g. Goulet et al., 2007), short dura-
tion pulses in atmospheric mercury are only likely to be preserved 
if they are very large, the SAR is very high, and/or the record is 
sampled at a resolution within about an order of magnitude of the 
duration of the pulse. This is apparent when examining Quaternary 
records. Mercury peaks caused by arc volcanism and local wildfires 
(presumably all <1-year duration events) have been found in re-
cent lake sediments with an average SAR of 37.5 cm/ka, sampled 
at a resolution of every ∼20 yr (Daga et al., 2016). Conversely, 
a Quaternary marine sedimentary mercury record with an aver-
age SAR of 7 cm/ka, sampled at a 1000–2000 yr resolution (Kita 
et al., 2016), does not record the large volume, but short dura-
tion, Toba (5300 km3, ∼74 ka; (Costa et al., 2014)) and Bishop 
Tuff (∼600 km3, ∼760 ka; (Hildreth and Wilson, 2007)) eruptions.

While the terrestrial sediment records compiled in this study 
have high average SARs (14, 25 cm/ka), we are sampling them at a 
resolution of every 1000–2000 yr. The local arc volcanic eruptions 
did not last longer than a few days to months, and the frequency of 
very large (>100 km3) eruptions likely did not exceed once every 
several thousand years (e.g. Papale, 2018). In order to be preserved 
as significant anomalies at this resolution, eruptions need to be at 
least ∼100 yr in duration, longer than the <1 yr local eruptions.

5.1.3. Wildfires
Fires remobilize mercury taken up by biomass from the atmo-

sphere and redistribute it (Friedli et al., 2009). Similar to the local 
volcanic eruptions, wildfires are likely to be short duration events 
(<1 yr) and as such are smoothed out over centuries once de-
posited in the sedimentary record. These small local events are not 
likely to cause significant perturbations in a 1000–2000 yr resolu-
tion record. It is possible that peaks correspond with much larger 
fire events. However, western North America does not record a 
strong/visible presence of charcoal in this time interval (Belcher et 
al., 2003), and the Cretaceous-Paleogene boundary does not record 
polycyclic aromatic hydrocarbons (PAH) indicative of massive wild-
fires (Belcher et al., 2009). Additionally, there is no indication 
of globally significant wildfires in the earliest Paleocene in PAH 
records from Europe (Arinobu et al., 1999).

5.1.4. Weathering
Changes in weathering can also redistribute sedimentary mer-

cury (e.g. Them et al., 2019). While changes in weathering may 
contribute to aggregate effects, particularly in oceans where the 
sediment and mercury are tied to continent-scale sources, our 
sediment catchment is comparatively small. In order to increase 
the concentration of mercury via increased weathering, a substan-
tial amount of the mercury in weathered rock would need to be 
rapidly dissolved, and re-deposited locally. This process is most 
efficient when the rock fragments are entirely in suspension and 
even then only a fraction (generally <20% in 24 h) of the mercury 
is re-dissolved (Gibson et al., 2015). Therefore in order to cause 
a factor of 3–5 increase in mercury for 100 yr, the amount of 
material weathered is required to at least triple, and more likely 
increase by 15 times or more. While that may be the case right at 
the boundary, coincident with destabilization of floral ecosystems 
(Vajda and McLoughlin, 2004), there is no evidence of strongly 
enhanced weathering occurring thousands of years into the Paleo-
gene.

5.2. Box model assumptions

The modeling framework we have utilized has a combination 
of strengths and drawbacks. One major strength is that the box 
model incorporates biogeochemical recycling instead of assuming 
that sediments are passively collecting mercury from the atmo-
sphere and retaining all of it. The model results demonstrate that 
even though volcanogenic mercury may not be immediately de-
posited in the sediment, large pulses do cause increases in mercury 
concentration in all reservoirs on a timescale that should be capa-
ble of preservation in the geologic record.

A significant assumption in the model framework is the use of a 
constant SAR, which may not be the case in a terrestrial floodplain 
environment. The dependency on this assumption is due to using a 
moving average to approximate equilibration of mercury over 2 cm 
of sediment, to simulate both in-lab sample homogenization and 
fluid infiltration at the time of deposition. This results in the same 
mercury pulse causing a smaller enrichment in environments with 
lower SARs, and vice versa (Fig. 3). This effect is also crucial for 
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Fig. 7. Mercury (Hg) and mercury/total organic carbon (Hg/TOC) for Iridium Hill Annex (IRA) and Nirvana (NV) Cretaceous-Paleogene boundary localities compared to several 
high-resolution temperature records. Dates for IRA and NV from Sprain et al. (2015, 2018). 1: Tex86 derived sea surface temperature from Brazos River, USA (Vellekoop et 
al., 2014). 2: Temperature derived from oxygen isotope composition of fish debris from El Kef, Tunisia (MacLeod et al., 2018). 3: Temperature derived from oxygen isotope 
composition of benthic foraminifers (Nuttallides) from IODP 1262 (Barnet et al., 2017).
marine records, where the deposition process of mercury can be 
complicated due to ocean currents, water depth, and ocean mixing 
time (e.g. Lamborg et al., 2014).

Another complicating factor is that although large emissions 
of gaseous mercury are distributed globally, they are distributed 
unevenly (e.g. Chen et al., 2018). This contributes to differences 
between mercury records from different locations, and uncertainty 
in eruption size estimates. Therefore perhaps less Deccan mercury 
was deposited in Montana than predicted by the box model, as 
Montana and India are on opposite sides of the globe and were in 
opposite hemispheres during the Cretaceous.

5.3. Comparison of Cretaceous-Paleogene mercury records

The mercury enrichment factors (multiple of locality-specific 
background Hg/TOC) calculated for each record are used to test 
consistency between different mercury records as well as with 
the estimated eruption sizes. Our modeling framework illustrates 
that the SAR and sampling resolution must be explicitly consid-
ered when comparing mercury records. The response time to a 
mercury pulse is similar for both coastal marine sediments and 
terrestrial sediments (Fig. 5c). However, SARs are frequently lower 
in marine environments, leading to a lower expected enrichment 
factor for a given eruption size. Sampling resolution is equally im-
portant, as mercury tends to be deposited rapidly into sediments – 
within about an order of magnitude of the pulse duration (Fig. 5a). 
Therefore records sampled at millennial scale resolution have the 
highest likelihood of capturing eruptions which each lasted several 
hundred to a thousand years. Eruptive events of the proposed scale 
may be captured in records with lower sampling resolution, but 
they are likely to have smaller enrichment factors and fewer peaks, 
as the odds of sampling the moment of peak enrichment decrease. 
Most mercury records show higher enrichment factors when the 
sampling resolution is higher (Font et al., 2016; Keller et al., 2018;
Percival et al., 2018; Sial et al., 2016).

The peak enrichment factors are similar between the Nirvana 
and Iridium Hill Annex localities, which supports the interpre-
tation that they are caused by eruptive events of similar mag-
nitude (Fig. 7). These estimates of eruption size are also gen-
erally consistent with the mercury enrichment factors of other 
Cretaceous-Paleogene mercury chemostratigraphies. The Seymour 
Island record, which has a comparable SAR of 20 cm/ka and sam-
pling resolution of ∼2500 yr, has Hg/TOC enrichment factors of ∼3 
in peaks close to the boundary (Percival et al., 2018). The Gilbert 
Creek locality within the Hell Creek Formation presumably has a 
similar SAR, although the exact chronology is uncertain (Percival et 
al., 2018). Peak Hg/TOC enrichment factors at Gilbert Creek are 5–6 
in the late Cretaceous, with smaller peaks closer to the boundary, 
although the lack of a definitive IrZ tephra layer makes correlation 
with our records uncertain (Percival et al., 2018).

Coastal marine sediments with SARs of a few cm/ka, utilizing 
a smoothing window of 2500 yr, are expected to have enrich-
ment factors of 2–3 for the estimated eruption volumes (Supple-
mentary Fig. 1b). This is consistent with observed Hg/TOC en-
richments in marine localities. Bass River (ODP Leg 174AX) has 
SAR of ∼1 cm/ka, a sampling interval of ∼7500 years, and cor-
respondingly low enrichment factors of 1.5 to 2 (Percival et al., 
2018). Elles, El Kef, and Bidart have enrichment factors of 2–4, 
SARs of approximately 1–4 cm/ka, and sampling resolutions of 
∼2000–5000 yr (Font et al., 2016; Keller et al., 2018; Vonhof and 
Smit, 1997). Bottaccione and Stevns Klint have SARs of approxi-
mately 1 and 4 cm/kyr respectively, and enrichment factors of per-
haps 3, however the limited datasets make determining the back-
ground Hg/TOC difficult (Gilleaudeau et al., 2018; Sial et al., 2016;
Sinnesael et al., 2016). Bottaccione has frequently low (<1 ng/g) 
mercury concentrations, which suggests availability in the water 
column may not control preservation. These comparisons exclude 
peaks at the boundary, and enrichment factors are calculated with 
respect to Deccan interval background for each locality. We have 
excluded records lacking TOC measurements or without robust age 
models, as well as Zumaia, where mercury deposition is strongly 
linked with sediment fluxes (Percival et al., 2018).

These records differ with respect to the timing of mercury 
peaks because it is unlikely that every record is capturing the 
same specific eruptions. This is true even for the Nirvana and 
Iridium Hill Annex records, despite their close proximity, compa-
rable SARs, and sampling resolutions. The average time between 
the emission of a gaseous mercury pulse and ultimate burial in 
sediment is approximately 1000 yr, and the peak enrichment fac-
tor in the modeled slow soil and coastal marine reservoirs is only 
reached for less than 500 yr (Fig. 5). Thus, unless the time inter-
val captured in each sample is synchronous between localities to 
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within 500 yr, the records will not be identical. Additionally, due 
to the inherently discontinuous nature of the sedimentary record 
at the century scale, even continuously sampled records from dif-
ferent localities would be unlikely to record the same eruptions. 
The stochasticity of sedimentation and the aliasing effects of sam-
pling ensure that no two records would correlate perfectly.

5.4. Implications for Deccan volcanism and climate

We have estimated, based on our mercury analyses, that these 
Deccan eruptions consisted of basalt fluxes between ∼40–80 km3/a 
for 500-year events and ∼160–240 km3/a for 100-year events 
(Fig. 6). Flood basalt eruptions have been independently hypoth-
esized to be of the order of 103–104 km3 in volume (Self et 
al., 2006) therefore we believe our mercury-based estimates of 
16,000-40,000 km3 per eruption (or series of closely spaced indi-
vidual eruptions) to be reasonable. Additionally, there likely were 
more eruptions within this time interval than peaks in the records. 
Although biogeochemical recycling of mercury does extend the 
deposition time of pulses, shorter duration (≤100 yr) events of 
smaller magnitude may not be captured at our 1000–2000 yr
sampling resolution or will correspond to low enrichment fac-
tors. While it is thus difficult to estimate the minimum hiatus 
duration, these records indicate a maximum of 10,000 yr between 
each eruption for the interval spanning 30 ka prior to and post-
Cretaceous-Paleogene boundary.

Although we attribute the majority of our peaks to Dec-
can volcanism, we suggest that the mercury peak very close 
to the Cretaceous-Paleogene boundary, which is the largest in 
nearly every mercury record for this time interval (e.g. Sial et 
al., 2016; Keller et al., 2018; Percival et al., 2018), is at least 
partly due to the Chicxulub impact. The Chicxulub impact released 
∼94,000–480,000 Mg mercury instantaneously, based on the mass 
of evaporites vaporized and an assumed concentration of 40 ng/g 
mercury (Artemieva and Morgan, 2017; Fitzgerald and Lamborg, 
2014). This corresponds with enrichment factors of at least 20 in 
coastal marine sediments and 4–15 in terrestrial sediments (see 
supplement for details). At both localities in this study, this peak 
(4–6 × background) falls within a coal seam, so it is not visible 
when normalized to TOC. However, we do not see similarly high 
values in either of two other coal seams within our sections, and 
as other mercury records also have high values coincident with 
the boundary, this peak is most likely due to atmospheric mer-
cury increase. An increase in weathering at the boundary may 
also contribute to this peak, or local sedimentary effects in sec-
tions where the boundary is coincident with a significant lithology 
change (Percival et al., 2018).

The Deccan eruptions of the size indicated by the other mer-
cury peaks have the potential to cause sulfate aerosol driven cli-
mate cooling. A mercury pulse of 500–3000 Mg/a (240 km3/a 
basalt) corresponds to a release of 200–1200 Tg/a SO2, using, as 
before, an average volcanic Hg/S ratio of 5 × 10−6 by weight 
(Fitzgerald and Lamborg, 2014 and references therein). Climate 
models indicate that similar rates of sulfur release would cause 
cooling of ∼1–6 ◦C for the duration of the eruption (Schmidt et 
al., 2016). This model estimate assumes all SO2 emitted enters the 
stratosphere, although this may be an overestimate (Glaze et al., 
2017). This cooling may contribute to variability in climate records 
and to the immediate post boundary cool period. However, it is not 
clearly seen (Fig. 7), consistent with the eruptions being less than 
500 yr in duration. Despite the lack of geologic preservation, sev-
eral centuries of cooling at least every 10,000 yr may be sufficient 
to perturb ecological and climatological systems significantly.

Other studies demonstrate that eruptions of approximately this 
size are not likely to have caused CO2 driven warming individu-
ally, but with less than 10,000-year hiatuses between them could 
have cumulatively contributed to warming (e.g. Tobin et al., 2016). 
The timing of these eruptions indicates that eruptive CO2 likely 
contributed to the immediate post-boundary warming seen in 
several records (Fig. 7) (MacLeod et al., 2018; Vellekoop et al., 
2014) however it is unlikely that the eruptions are large enough 
to be the primary cause. There is, therefore, no clear correla-
tion between Deccan Traps eruptions and climate records on a 
sub-100 ka scale, even during the interval hypothesized to con-
tain the largest volume Deccan eruptions (Schoene et al., 2019;
Sprain et al., 2019). Sub-1000 year resolution climate records have 
the potential to record these brief colder periods and address this 
inconsistency.

6. Conclusions

Periods of higher mercury concentration indicative of Dec-
can eruptions occur within 30 ka both prior to and post the 
Cretaceous-Paleogene boundary. Utilizing a global mercury box 
model, we estimate that the mercury peaks correspond to erup-
tions with magma output fluxes of 40–240 km3/a, which lasted 
100–500 years, and occurred at least every 10,000 yr. This demon-
strates that mercury chemostratigraphy can be used as a tool to 
quantitatively assess flood basalt eruptive dynamics. Deccan erup-
tions of the estimated size are hypothesized to have released 
enough SO2 to cause significant (∼1–6 ◦C) cooling for their du-
ration. However, with a duration of less than 1000 yr, these cooler 
periods are not long enough to be unambiguously preserved in 
most available climate records. Higher resolution climate records, 
or statistical analyses of existing records, are needed in order to 
evaluate whether these cool periods occurred. Nevertheless, if the 
cooler periods occurred as hypothesized, the repeated significant 
climatic perturbations within 50 ka of the Cretaceous-Paleogene 
boundary may have contributed to ecological changes.
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