
07 August 2024

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Capra, L., Roverato, M., Bernal, J.P., Cortés, A. (2022). Evidence of the Early Holocene eruptive activity of
Volcán de Colima and the 8.2 kyr global climatic event in lacustrine sediments from a debris avalanche-
dammed lake. London : The Geological Society of London [10.1144/sp520-2021-63].

Published Version:

Evidence of the Early Holocene eruptive activity of Volcán de Colima and the 8.2 kyr global climatic event in
lacustrine sediments from a debris avalanche-dammed lake

Published:
DOI: http://doi.org/10.1144/sp520-2021-63

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/962703 since: 2024-05-06

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1144/sp520-2021-63
https://hdl.handle.net/11585/962703


Manuscript version: Accepted Manuscript 
This is a PDF of an unedited manuscript that has been accepted for publication. The manuscript will undergo copyediting, 

typesetting and correction before it is published in its final form. Please note that during the production process errors may 

be discovered which could affect the content, and all legal disclaimers that apply to the book series pertain. 

Although reasonable efforts have been made to obtain all necessary permissions from third parties to include their 

copyrighted content within this article, their full citation and copyright line may not be present in this Accepted Manuscript 

version. Before using any content from this article, please refer to the Version of Record once published for full citation and 

copyright details, as permissions may be required.

Accepted Manuscript 

Geological Society, London, Special Publications 

Evidence of the Early Holocene eruptive activity of Volcán de 

Colima and the 8.2 kyr global climatic event in lacustrine 

sediments from a debris avalanche-dammed lake 

L. Capra, M. Roverato, J. P. Bernal & A. Cortés

DOI: https://doi.org/10.1144/SP520-2021-63 

To access the most recent version of this article, please click the DOI URL in the line above. When 

citing this article please include the above DOI. 

Received 30 March 2021 

Revised 24 June 2021 

Accepted 16 July 2021 

© 2021 The Author(s). Published by The Geological Society of London. All rights reserved. For 

permissions: http://www.geolsoc.org.uk/permissions. Publishing disclaimer: 

www.geolsoc.org.uk/pub_ethics 

Supplementary material at https://doi.org/10.6084/m9.figshare.c.5563424 

2021
 at Universidad Nacional Autonoma De Mexico on August 24,http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1144/SP520-2021-63?ref=pdf&rel=cite-as&jav=AM
http://www.geolsoc.org.uk/permissions
http://www.geolsoc.org.uk/pub_ethics
https://doi.org/10.6084/m9.figshare.c.5563424?ref=pdf&rel=cite-as&jav=AM
http://sp.lyellcollection.org/


 

Evidence of the Early Holocene eruptive activity of Volcán de Colima and the 8.2 kyr global climatic 

event in lacustrine sediments from a debris avalanche-dammed lake. 

Capra1*, L., Roverato2, M., Bernal1, J.P., Cortés3, A.,  

1. Centro de Geociencias, Campus UNAM-Juriquilla, 04510 Querétaro, Mexico. 

2. Department of Earth Sciences, University of Geneva, Switzerland. 

3. Centro Universitario de Estudios e Investigaciones de Vulcanología, Universidad de Colima, 

Colima, Col., Mexico. 

ORCID ID: LC 0000-0003-3973-7264, MR: 0000-0001-5681-6218,  JPB: 0000-0001-8363-572. 

*Corresponding author (lcapra@geociencias.unam.mx) 

Supplementary material: Table 1s. Major and trace elements of the Gypsum King sequence. 

 

  

ACCEPTED M
ANUSCRIP

T

2021
 at Universidad Nacional Autonoma De Mexico on August 24,http://sp.lyellcollection.org/Downloaded from 

mailto:lcapra@geociencias.unam.mx
http://sp.lyellcollection.org/


Abstract 

Volcán de Colima, one of the most active volcanoes in Mexico, experienced at least nine flank 

failures during the last 30,000 years, with catastrophic effects on the environment that implies the 

formation of temporary dams where lacustrine sediments accumulated for hundreds of years. These 

lacustrine sequences preserve an exceptional record from which to reconstruct the effect of 

subsequent volcanic eruptions and, eventually, contemporary environmental and climatic 

conditions. Here we analyze an Early Holocene lacustrine sequence, named “Gypsum King”, which 

accumulated in a short-lived temporary lake, likely formed by emplacement of the 10755-11230 cal. 

yr BP Mesa-Yerbabuena debris avalanche. Through detailed analysis of the 1.8 m thick lacustrine 

sequence (14C ages, sulfur content, grain size), it was possible to identify the 8.2 kyr global climate 

event and better constrain the Early-Holocene main sub-plinian to plinian eruptions of Volcán de 

Colima. The results presented here highlight the potential to explore sulfur content and abrupt 

change in grainsize in lacustrine sediments as additional proxies to better constrain eruptive phases 

in volcanic environments. Finally, the Gypsum King sequence provides the first evidence of the 8.2 

kyr global climate event along the Eastern tropical Pacific Coast. 

Keywords 

8.2 kyr global climate event; Intertropical Convergence Zone; volcanic lake; Plinian eruption, volcanic 

collapse, Volcán de Colima; Mexico. 

1. Introduction 

Lacustrine sedimentation in volcanic environments is commonly associated with crater lakes related 

to monogenetic volcanism and maars: volcanic diatremes filled with groundwater at the end of the 

eruptive phases. These lacustrine sequences can represent an undisturbed record that provides 

detailed information on local volcanological, ecological and climatic changes over thousands of years 

(i.e. Caballero et al., 2003; Mingram et al., 2004; Zolitschka et al., 2006). Other types of lakes can 

also form in volcanic environments, whose duration will depend on their origin and hydrological 

framework. This is because volcanic activity can almost instantaneously emplace large volumes of 

material that can interrupt main drainages, inducing the formation of natural impoundments (Fan et 

al., 2020). The best examples are associated with the emplacement of a debris avalanche deposit 

after volcanic edifice lateral collapse (Costa and Schuster, 1988; Tibaldi et al., 2005; Capra, 2007): 

some of which still persist since their formation, i.e. at Parinacota (Chile) or Iriga (Japan) where a 

hydrological balance was reached naturally or, as in the case of some of the lakes formed after the 

1980 Mount St. Helens eruption, artificially (Costa and Schuster, 1991). Volcanic collapses are 
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recognized as a frequent event during the evolution of a stratovolcano, and lacustrine sedimentation 

is common after the emplacement of large debris avalanche deposits. These sediments can preserve 

important information that can allow the frequency of younger explosive eruptions to be 

established, especially in environments where erosion can rapidly erase stratigraphic records. 

Nevertheless, many former lakes in volcanic environments are now missing, and only their 

sediments remain, generally in the form of hanging sequences exposed in vertical terraces and 

intercalated with other volcaniclastic deposits. This phenomenon has been identified at Volcán de 

Colima, México (19.5° N, 103.6° W) (Figure 1a) where at least three temporary lakes were formed 

during the emplacement of debris avalanche deposits during the Late Pleistocene and Holocene 

(Capra and Macias, 2002; Cortes et al., 2010a). Here, in addition to the volcanological significance of 

the formation of temporary lakes during the emplacement of debris avalanches and the associated 

hazard, we present geochemical data with paleoclimatological implications obtained from a peculiar 

lacustrine sequence, here named Gypsum King (GK), discovered along the Los Ganchos ravine, a 

tributary ravine of the main Armeria River (Figure 1b). We present a detailed sedimentological 

description of the 1.8 m thick Gypsum King sequence and use new 14C ages to correlate it with the 

Late Holocene explosive activity of Volcán de Colima, and provide evidence of the hydroclimatic 

effects of the 8.2 kyr global climate event in southwestern Mexico (Thomas et al., 2007).  

2. The 8.2 kyr climatic event in Mexico 

The 8.2 kyr event has been described as a global abrupt climatic change resulting from the outbursts 

of pro-glacial lakes Agassiz and Ojibway into the North Atlantic, which disrupted thermohaline ocean 

currents and caused cold and dry conditions in the North Hemisphere (Barber et al., 1999; Alley et 

al., 1997; Alley and Ágústsdóttir 2005). The event punctuated the relative thermal stability observed 

during most of the Holocene until pre-industrial times. One impact of this event was southward 

migration of the Intertropical Convergence Zone (ITCZ) (LeGrande et al., 2006; Morrill et al., 2013), 

resulting in a decrease in precipitation in Central America (Lachniet et al., 2004b), an increase in 

Amazonian precipitation, and suppression of the Indian and Asian summer monsoon (Cheng et al., 

2009; Dixit et al., 2014). Evidence of this climatic event has been gathered from ice cores (Alley et al., 

1997; Thomas et al., 2007), speleothems (Cheng et al., 2009), and marine and lacustrine sediments 

(Heard et al., 2007; Elison et al., 2006) that placed this event at ca 8.2 kyr and lasting ~ 200 years (i.e. 

Clarke et al., 2003). More detailed work identified two main peaks starting at 8.21 +/- 0.02 kyr and 

lasting 70 and 20 years respectively (Thomas et al 2007; Cheng et al., 2009). 

In Mexico, palynological data and geomorphological observations from Iztaccíhuatl volcano (central 

Mexico; figure 1a) suggest that cold and dry conditions prevailed during the 8.2 kyr event (Lozano-
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García and Vázquez-Selem, 2005; Vázquez-Selem and Heine, 2012). Paleoclimate reconstructions 

from southwestern Mexico support the prevalence of contemporaneous dry conditions, inferred 

from the abrupt interruption of stalagmite growth in Guerrero state (Bernal et al., 2011), and 

vegetation changes recorded in sediments from Lake Zirahuén (Lozano-Garcia et al., 2013).  

However, a detailed high-resolution reconstruction of the event is not yet available. This is 

particularly relevant, as records of the 8.2 kyr event in the eastern Pacific basin are scarce.  

3. The Volcán de Colima 

The Volcán de Colima, one of the most active volcanoes in Mexico, is located in the western sector 

of the Trans-Mexican Belt, and lies in the Colima graben, a tectonic depression whose margins of 

massive limestone (Tepames Formation) present a topographic barrier to volcaniclastic flows, 

increasing their tendency to obstruct the two main rivers that run along the graben margins, the 

Armeria to the west and the Naranjo to the east (Figure 1b and c). Following the 1913 plinian 

eruption, volcanic activity has been characterized by summit dome growth and collapse generating 

block-and-ash flow deposits up to 7-8 km from the crater, as occurred during the 2004-2005 crises 

and more recently in July 2015 (Macias et al., 2006; Capra et al., 2015; Macorps et al., 2018; Davila et 

al., 2019) with an extraordinary runout of 10.5 km. Recently, Crummy et al. (2019a,b), expanding the 

previous work of Luhr et al. (2010), reviewed the Late Pleistocene-Holocene eruptive activity of 

Volcán de Colima, based on a detailed analysis of main tephra fallout and pyroclastic surge deposits 

outcropping in proximal areas. They report more than 180 14C ages from samples collected in 89 

localities across an area of  500 km2, grouping them in several volcanic units. In particular, the 

Early-Holocene stratigraphy (7000-8400 cal. yr BP) has been characterized by four main explosive 

periods named, from younger to older, Unit O, N, M and L. Unit O is characterized by 30, up to > 100 

cm thick, sequences of multiple layers of tephra and pyroclastic surge deposits. Eleven radiocarbon 

dates from this unit allow it to be constrained to the interval between 6981-7171 cal. yr BP and 

7587-7800 cal. yr BP (Table 1), representing  700 years of intermittent explosive activity (Crummy 

et al., 2019a,b). Unit N (7779-8013 cal. yr BP) is a massive tephra fall up to 60 cm in thickness; Unit 

M (7776-8043  cal. yr BP) is characterized by 12 to 100 cm thick ash-rich deposits with lenses of 

tephra falls, and Unit L (8280-8402 cal. yr BP) consists of massive tephra fall deposits up to 50 cm in 

thickness. For all these eruptions, the main dispersal axis of tephra falls was towards the E-NE. 

However, based on the stratigraphic record, the most common and catastrophic activity of Volcan 

de Colima consisted of edifice collapses with the emplacement of debris avalanche deposits (DAD), 

as occurred at least 9 times during the past 30,000 years (Komorowski et al., 1997; Cortes et al., 

2010b, 2019; Roverato et al., 2011; Roverato and Capra, 2013). These deposits extended up to 45 

km to the south with volumes of up to 35 km3 (Komorowski et al., 1997; Cortes et al., 2010b, 2019). 
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Detailed stratigraphic studies demonstrate that these deposits caused the temporary damming of 

the Naranjo and Armería rivers resulting in the accumulation of thick lacustrine sequences (Capra 

and Macias, 2002; Cortes et al., 2010a). During the Holocene, at least four edifice failures occurred: 

the younger 2425-2740 cal. yr BP El Remate-Armeria (ERA-DAD), the 3594-4242  cal. yr BP Los 

Ganchos (LG-DAD), the 7590-8172 cal. yr BP Villa de Alvarez Coquimatlán (VAC-DAD), and the 10755-

11230 cal. yr BP Mesa Yerbabuena (MY-DAD) (Komorowski et al., 1997; Cortés et al., 2010a; 2010b; 

2019) (Table 1.). In particular, the MY-DAD and VAC-DAD events are here discussed in detail as their 

emplacement are directly related to the GK lacustrine sequence.   

4. Methods  

The GK lacustrine sediment column was sampled at 5 cm intervals for grain size and chemical 

analyses. Five samples were collected for 14C dating (C1, C2, C3, C4, C5) including bivalve shells from 

the bottom of the sequence (BS) and for 14C analysis by BetaAnalytic (Table 1). The resulting ages 

were calibrated using Calib 8.2 (Stuiver et al., 2021) based on the IntCal20 Northern Hemisphere 

radiocarbon age-calibration (Reimer et al., 2020); all reported uncertainties correspond to 2. An 

age-model for the stratigraphic sequence was made based upon the 5 radiocarbon ages using Bacon 

(Blaauw and Christen, 2011). Ages for all the collected samples were calculated using the resulting 

age-model (Figure 2). 

Major and trace element analysis was carried out by X-ray fluorescence spectrometry in fused 

LiBO2/Li2B4O7 disks, using a Rigaku PRIMUS WD-XRF spectrometer and a Rh-target. Samples were 

oven-dried overnight, weighed and mixed with a 1:1 LiBO2/Li2B4O7 mixture in a 1:9 sample:flux ratio 

and fused in a Claisse M4 automatic fluxer. Analysis of sulfur and other trace elements was also 

carried out using WD-XRF, but on pressed pellets using the semi-quantitative SQX software. 

Accuracy and precision were verified using IGL reference materials (Lozano and Bernal, 2005) (Table 

2 and Table 1s). Grainsize distribution was determined with a laser sedimentograph (Fritsch 

Analysette 22) (Table 2). 

5. Stratigraphic record and age of the Gypsum King lacustrine sequence. 

Along the Los Ganchos ravine, up to 100 m-high terraces expose intercalated debris avalanche and 

lacustrine sequences, interrupted by thick volcaniclastic layers such as debris flows (lahars) and 

fluviatile horizons (Cortes et al., 2010a). At section LA1 (Figure 1c), ~22 km SW from the volcano 

summit, the outcrop consists of a 2-m thick, light-brown layered sequence, characterized by the 

presence of abundant gypsum crystals (up to 8 cm in maximum size), here-named the Gypsum King 

sequence (GK sequence). It consists of several fine-grained layers (Figure 3 and 4a), from silty 
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laminae to silty-sandy centimetric units. At its base, bivalves, 3-5 cm in size were found (Figure 4b). 

As specimens were extracted from the sediment, they completely disaggregated making it 

impossible to define their species. Gypsum crystals are also observed from the middle up to the top 

of the sequence (Figures 4c and d). Sediment samples also show diatom fragments (genus 

Aulacoseira) at microprobe scales (Fig. 4e). The GK sequence is overlain by a younger 4-m thick 

bright-white lacustrine sequence (Figure 3) with an estimate radiocarbon age of 1815-1992 cal. yrs 

(Cortés et al., 2010a). This sequence consists of a massive to horizontally stratified fine sand and silty 

particles, intercalated with slumped horizons, composed mainly of crystals, silica needles, and very 

common planktonic diatoms. A lahar deposit separates the two sequences. Moving few meters 

along the terrace wall, the GK deposit increases in thickness up to 4 m where a debris avalanche 

deposit outcrops at its base. The DAD is matrix-supported, massive, heterogeneous, and poorly 

sorted with angular to sub-angular fragments showing jigsaw cracks and hydrothermally altered 

areas (Figure 3).  

Detailed investigation of the GK sequence was carried out, including vertical variation in grainsize 

and chemical composition, which are plotted against the linear age–depth modeling (Table 2, Figure 

5). From the bulk-sediments chemical analyses, the S content is included in the diagram, to analyze 

its possible correlation against eruptive/climatic episodes. Main eruptive events are also identified 

along the calibrated curve based on Crummy et al. (2019a, b) (Table 1). 

Modelled ages show that the sequence spans a period of approximately 1500 yrs. from 8395 to 6492 

mean cal. yr (Figures 2 and 5). From the base, the first 40 cm consist of laminae with >90% silt 

fraction, barren of sand, with an estimated sedimentation rate of 0.15 cm/yr (Figure 5). The bivalve 

shells yield an age of 8341-8451 cal. yr B.P. (BS sample, table1) in accordance with the 14C of 

sediment here sampled (C1; see Table 1). At  8189 cal. yr a first S main peak (S1, 0.9 wt %) is 

identified and gypsum crystals start to appear in the sequence. From this level and up to 7606 cal. yr 

the sedimentation rate decreases noticeably (LSR = Low Sedimentation Rate), with a main change at 

ca. 8046 (0.05 cm/yr), when a S peak is also detected (S2, 1.22 wt %), and at 7852 cal. yr (0.03 

cm/yr), that corresponds to a sudden increase in sand fraction (57 wt %) persisting up to the top of 

this temporal interval. Based on their ages, the VAC-DAD edifice failure and associated Unit N 

eruptive activity correlate with the observed increase in grainsize (Figure 5). From 7606 cal. yr the 

sediment rate increases and maintains a constant trend up to the top of the sequence (0.11 yr/cm). 

At 7522 cal. yr the largest peak in S is identified (S3, 1.85 wt %), contemporaneous to the initial 

eruptive phase of Unit O; a secondary increase in S content (S4, ~1 wt %) is observed in 

correspondence with the final stages of this eruptive period. During this time interval two other 
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discrete increases in sand fraction are also observed. Gypsum crystals are common in this portion of 

the section. The last 30 cm of the sequence, which yielded a 14 C age of 7308 cal. yr BP (C5), consists 

of a brown, homogeneous fine silty paleosol, characterized by well-developed mud cracks. 

6. Discussion 

Lacustrine sediments have been extensively used for paleoclimatic reconstruction (Ortega et al., 

2002; Hodell et al., 2008) and, in volcanic environments, as an intact record of past eruptive 

episodes (Caballero et al., 2001). Usually, the sediments belong to long-lived and still active lakes 

where several meters of sediments accumulated over thousands of years preserve valuable 

information on the surrounding environment and its response to climatic and hydrologic changes. 

Lakes formed by river impoundment due to a gravitational mass collapse in mountain areas have 

been recognized as a common phenomenon. However, if they lack a natural draining system, their 

longevity is reduced as the high-water discharge from the river can quickly induce failure of the 

natural dam (Fan et al., 2020). Due to their short lifespan and small extent, sedimentation in these 

lakes can be too short-lived and chaotic to preserve evidence of paleoenvironmental changes or, in 

case of a volcanic environment, the stratigraphic record of fine ash from past eruptions. Only a few 

cases where the sediments from these short-lived lakes have recorded paleoenvironmental 

information have been previously reported: for example, the Skagit River in Washington state was 

dammed by a landslide at 7040 yr B.P, giving rise to Lake Ksnea, this allowed remobilized tephra 

from the cataclysmic eruption of Mount Mazama at 6730 yr B.P. to be deposited in the lake (Riedel 

et al., 2001); Intra-hummock lacustrine sediments preserved at Volcán de Colima, yield the first and 

unique evidence of hydromagmatic activity occurring at 15 cal. kyr BP at this volcano (Roverato et 

al., 2013); sediments from Chungará lake, formed as a result of impounding of the Lauca River by the 

partial collapse of Parinacota volcano at 8 kyr BP, were studied to evaluate environmental (volcanic 

vs. climatic) controls on lacustrine sedimentation in northern Chile (Sáez et al., 2007). The GK 

sequence represents a rare example of sediments accumulated in a temporary lake in a volcanic 

environment, providing invaluable data about the Early Holocene eruptive activity of Volcán de 

Colima and the first evidence of the 8.2 kyr event at this latitude.  

6.1 The temporary dam 

The GK sequence corresponds to a lacustrine sequence, as supported by the textural features 

observed, such as cm-thick silty-clay laminated layers, and the presence of bivalves and diatoms. 

Based on its extent, it represents a hanging sequence suspended in the upper portion of a terrace up 

to 80 m high along the Los Ganchos ravine, mostly formed by a debris avalanche deposit (Figures 
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6a). The age of the DAD outcropping at the base of the sequence is unknown but assumptions on its 

origin and age are possible. Three main debris avalanche deposits have been reported in this sector 

by Cortés et al. (2010b; 2019), at 25029-26638 cal. yr BP (El Tecuan Debris avalanche, ET-DAD), the 

10755-11230 cal. yr BP MY-DAD and the 3594-4242 cal. yr BP LG-DAD (Table 1, Figure 6a). The MY-

DAD deposit outcrops on the SW side of the volcano, downstream with respect to the studied 

lacustrine section (Figure 6a) and represents the youngest collapse event preceding the GK 

sequence. The ET-DAD outcrops towards the N where it is directly overlaid by the LG-DAD (Cortés et 

al., 2010a,b), as observed at section LA2 where a paleosol separating these two debris avalanche 

deposits was here dated at 18644-19013 cal. yr BP (Figure 6a; Table 1). In addition, Cortés et al. 

(2010a,b) also reported lacustrine sediments along the Huacal ravine (Figure 6a, black triangle), 

dated at 7924-8481 cal yr BP, also containing gypsum fragments and directly overlying the ET-DAD 

debris avalanche deposit. Based on these ages, it is likely that emplacement of the MY-DAD 

obstructed the full width of the Armeria river and collapsed materials distributed both up- and 

downstream also affected tributary valleys (type IIIa dam, Casagli and Ermini, 1999), forming a main 

temporary lake along the Armeria valley, as well as small lateral impoundments along the Los 

Ganchos (Figure 6b) and Huacal ravines. Cortés et al. (2019) mapped a stratigraphic lateral contact 

between ET-DAD and MY-DAD deposits, based only on the exposures of the basal portion of > 100m-

thick terrace along the La Lumbre river (Figure 6a). However, considering the difference in 

topographic altitude between both terraces (see topographic profiles in Figure 6a), the MY-DAD 

deposit is 50 m thicker than the ET-DAD, suggesting that MY-DAD was probably able to overflow the 

older ET-DAD deposit reaching and filling the Armeria river up-valley (white dotted line, Figure 6a). 

Examples of similar processes causing DAD deposits superposition are common at Volcán de Colima 

(Komorowski et al., 1997; Cortes et al., 2019). We propose the extent of the temporary lake based 

on the 680 m a.s.l. topographic contour, representing the altitude at which the lacustrine sequence 

outcrops along the Los Ganchos ravine. We also suggest that along the Armeria valley part of the 

DAD was rapidly removed by overtopping, but the smaller and shallower impoundments formed in 

the obstructed lateral Los Ganchos and Huacal ravines resisted longer as they formed on low 

discharge/ephemeral drainages (Figure 6b). Importantly, the GK sequence represents only a 

marginal portion of the entire lacustrine sequence, and the whole lacustrine package is much thicker 

in different sectors. In this sense, its age does not exactly represent the maximum age of the entire 

lacustrine sedimentation (i.e. the age of the temporary lake), but because of the inaccessible 

outcrop conditions (vertical wall), it is impossible to obtain samples from lower sections of the 

sequence.  

6.2. Volcanological and Climatological implications. 
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Temporary damming of the Los Ganchos ravine formed an endorheic lake which reached its 

highest level close to the steep slopes of Volcán de Colima at ~8400 cal. yr BP, and accumulated 

sediments for a period of ~1500 years with extremely low-sedimentation rates (~0.1-0.05 cm/y).  

Changes in sedimentation rate and peaks in S content observed along the sediment column 

can be either correlated with the change in climatic condition or with the eruptive activity of Volcán 

de Colima. Sulfur ions in oxidized terrestrial freshwater are usually found as SO4
2-, and reflects the 

eroded and soluble fraction from rocks, soils and minerals from the local region. Although the sulfur 

cycle in lakes and lake sediments is complex (Holmer and Storkholm, 2001), the variability in S 

concentration is usually interpreted as a proxy of dry conditions, as a reduction in lake volume due 

to evaporation exceeding precipitation can lead to gypsum saturation and precipitation (e.g. Hodell 

et al., 2008). On the other hand, volcanic activity can also contribute to the sulfur concentration in 

lake sediments due to the atmospheric deposition of SO2 aerosols. Indeed, SO2 concentration within 

a volcanic plume is several orders of magnitude greater than in ambient air, and its plume 

concentration is usually proportional to the magnitude of the eruption (Oppenheimer, 2003; Pfeffer 

et al., 2006; Carn et al., 2016). SO2 is transported away from the volcanoes until it is oxidized to SO4
2- 

which can reach the surface by, either dry or wet deposition. The former implies the incorporation of 

sulfate at the surface of particulates which are deposited on the ground, whilst wet deposition 

includes removal of sulfate particles by rainfall. The SO2 average residence time in the atmosphere is 

~25 hours, but it can be as large as 60 – 100 h depending on the removal mechanism (Seinfeld and 

Pandis, 2006). In this light, we interpret the S variability in the GK stratigraphic column to reflect 

changes in the hydrological balance of the dammed Armeria river, with SO2/SO4
2- inputs from 

volcanic aerosols emitted during the contemporaneous activity of Volcán de Colima  

Figure 5 shows that, between 8189 and 8046 cal. yrs, a significant increase in sulfur 

concentration (S1 and S2 peaks) corresponds to a phase of apparent volcano quiescence, when a 

decrease in sedimentation rate is also detected. We interpret these excursions to represent a phase 

of low lake level and low sedimentation as a result of a suppressed North American monsoon during 

the 8.2 kyr event. These peaks are consistent with the structure and chronology of the 8.2 kyr event 

observed in Greenland Ice-cores (Thomas et al 2007), and, importantly with multiple speleothem 

18O records from Brazil, Oman, and China that record the effect of proglacial lake outburst floods 

on North Atlantic ocean circulation patterns on the different monsoonal systems (Cheng et al., 

2009). We note that a suppressed monsoon during the 8.2 kyr event is consistent with previous 

observations in Central America (Lachniet et al 2004a) and southwestern Mexico (Bernal et al 2011). 

with dry conditions in Zirahuen, Michoacán, (Lozano-García et al., 2013) and at Iztaccíhuatl volcano, 
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where temporary expansion of the glacier was also contemporaneous to the event (Lozano-García 

and Vázquez-Selem, 2005). Furthermore, modelling data suggest that the abrupt incursion of cold 

and freshwater into the North Atlantic, results in a southward migration of the ITCZ (LeGrande and 

Schmidt, 2008; Broccoli et al., 2006). Our interpretation of a suppressed North American monsoon 

does not imply a total collapse of the monsoonal system, as sedimentation was maintained 

throughout the duration of the event and no hiatuses were detected. Rather, our results suggest 

that during the event, evapotranspiration at the lake was higher, probably due to lower rainfall and 

a more intense or longer dry season, leading to lower lake levels and even seasonal lakebed 

exposure, hence, gypsum precipitation. 

After the conclusion of the North Atlantic event at ~8050 yr B.P. (Thomas et al., 2007), the 

North American monsoon was restored, albeit at a level somewhat less intense than prior to the 8.2 

kyr event as attested by the δ18O data from Cueva del Diablo (Bernal et al., 2011). However, the 

record analyzed here still shows a decrease in sedimentation rate and an increase in sediment 

grainsize. These changes are correlated with the 7590-8172 cal. yr edifice collapse and the 

emplacement of the related 16 km3 VAC-DAD (Cortés et al., 2019) towards the south. This volcanic 

event, correlated with the massive tephra fall deposits of Unit N (Crummy et al., 2019b) (Figure 5), 

likely modified regional hydrologic networks significantly, and increased sediment availability on the 

volcano slopes. Sedimentation continued for approximately 700 years, partially recovering the 

hydrological network and the sedimentation rate to levels similar to those prior to the 8.2 kyr event. 

During this period an intense eruptive phase has been identified (Unit O) with the emplacement of a 

thick sequence (from 30 cm to more than 100 cm) of ash falls and surges separated by multiple gaps 

of ~ 100 years (Crummy et al., 2019a).  A clear eruptive reconstruction of this eruptive phase has not 

been previously described due to its poorly exposure, but the younger S3 and S4 peaks can be here 

used to identify the main eruptive episodes during the emplacement of Unit O (Figure 5). 

Importantly, since the fall deposits from these eruptions were dispersed towards the northeastern 

of Volcán de Colima (Crummy et al., 2019a,b), a record of such an event in the GK sequence was 

unexpected. However, our results indicate that, despite ash-plume dispersal towards the NE, sulfate 

aerosols were deposited along the Los Ganchos dammed ravine, as recorded by the GK sequence 

(Figure 6). Moreover, because of the short residence time of SO2 aerosols in the atmosphere, our 

results allow us to constrain the age of the main eruptions episodes belonging to Unit O to the age 

of the S3 and S4 peaks in our age model: i.e. to 7404-7723 and 6984-7330 yr BP (2sigma), 

respectively (Table 2). 
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The final demise of the lake probably occurred by progressive evaporation as indicated by 

the presence of gypsum crystals in the upper part of the sequence that remained exposed for 

sufficient time for the formation of a soil with well-developed mud cracks. Exposure of the 

uppermost sediments eventually led to pedogenesis, which continued until renewed damming of 

the Ganchos River at 3600 yr B.P. and the resumption of lacustrine sedimentation (Cortés et al., 

2010a). 

7. Conclusion 

The GK lacustrine sequence is an interesting and new record of the Early Holocene eruptive history 

of the Volcán de Colima, and provides the first evidence of consequences of the 8.2 kyr global 

climate event on the North American monsoon in this region marked by significant sulfur peaks 

coinciding with decreases in sedimentation rates between 8189 and 2046 cal. years. This record is 

particularly relevant considering the lake was transiently formed as a secondary effect from the 

catastrophic destruction of a volcanic edifice. Despite its short lifespan, and the low sampling 

resolution, it was possible to record environmental variations at both local and global scales. Total S 

content was here used to identify the signature of the main eruptions of Volcán de Colima during 

Early Holocene, an unexpected result considering that the lake was located upwind from the main 

dispersal axis of the eruptive columns. Moreover, our results suggest that even if the deposition of 

volcanic ash is modulated by wind direction, deposition (dry and/or wet) of SO2 aerosols can occur 

radially around the main volcanic edifice, especially at low altitudes where wind directions can be 

highly variable. Even if the isotopic composition of S should be measured to better discriminate its 

source, the results obtained here point to the possibility of exploring lacustrine sediments in other 

volcanic environments with a different perspective, which usually only look for fine ash layers 

intercalated in the lacustrine sequences.  
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Figure Captions 

Figure 1. a) Sketch map of southern North America, Central America and northern South America 

showing the Trans-Mexican Volcanic Belt (TMVB), the location of Volcán de Colima and the sites 

where the 8.2 kyr event has been recognized in Mexico, and other locations of climatic proxies; 1) 

Zirahuen lake (Lozano et al., 2013); 2) El Diablo cave (Bernal et al., 2011); 3) Iztaccíhuatl volcano 

(Lozano-García and Vázquez-Selem, 2005; 4) Chinchankanab lake (Hodel et al., 1995); 5) Stalagmite 

V1 (Lachniet et al., 2004a) 6) Cariaco basin (Hughen et al., 1998) ; 7) Tigre Perdido cave 

(Riechekmann et al., 2012). b) Simplified regional tectonic map depicting the Colima Graben along 

which main rivers drain to the Pacific coast; Red area refers to the extension of main volcaniclastic 

sequences associated to the Colima Volcanic Complex activity. VC=Volcán de Colima, NC=Nevado de 

Colima Volcano, CA=Cantaro Volcano. c) Aster image showing the studied area, the location of the 

lacustrine stratigraphic section shown in figure 2 (LA1, white triangle) and some lakes that formed 

after the emplacement of debris avalanche deposits (white dots). 

Figure 2. Age-depth model for the GK sequence obtained using Bacon (Blaauw and Christen, 2011). 

All uncertainties correspond to 2-sigma. Ages were calibrated using the IntCal20 Northern 

Hemisphere radiocarbon age calibration curve (Reimer et a., 2020). The grey-black area indicates the 

density of possible solutions for the age model (darker indicate more likely). Red-dotted and black-

dotted lines are the most likely solution and its 95% confidence interval, respectively. 

Figure 3. a) Schematic stratigraphic sketch of the outcrop at section LA1. B) Panoramic view of the 

LA1 site and detailed stratigraphic section showing the vertical sequence of layers of the Gypsum 

King section, showing the presence of bivalves. 

Figure 4. a) Picture showing the 180 cm-thick GK sequence sampled at ~ 5-cm interval; b) detail of 

bivalves encountered at the base of the sequence; c) gypsum crystals dispersed in the fine-laminated 

layers; d) cm-sized gypsum-crystal; e) diatoms observed by SEM. 

Figure 5. Comparison of the sulfur concentration and grain-size results from the GK sequence with 

other climatic records and contemporaneous eruptions from Volcán de Colima. From top to bottom: 

A) Greenland composite ice-core 18O record from Thomas et. al (2007) showing the double-dip in 

global temperature during the 8.2 ky event. B) calcite 18O record from stalagmite PAD07 from Padre 

Cave, Brazil, illustrating the intensification of the South American monsoon during the 8.2 ky event, 

as an example of the global effect that the event had upon monsoonal systems (Cheng et al 2009), C) 

%SO3 in the GK sequence, labels show important increases in concentration and are discussed in the 

text. D) granulometry of the GK sequence. E) age-depth model for the GK sequence cross-referenced 

with stratigraphy (left) and important eruptions from Volcan de Colima, as summarized by Crummy 

et al. (2019a). Light-yellow box highlights the 8.2 kyr event. Light-pink box shows the area where a 

low-sedimentation rate (LSR) is observed in the GK sequence. 

Figure 6. a) Distribution of debris avalanche deposits in the studied area. Blue dashed line represents 

the possible extent of the temporary lake impounded by emplacement of the MY-DAD (10755-11230 

cal. yr) along the Armeria River. White dashed line represents the limit of the MY-DAD as inferred in 

the present work. Topographic profiles show the difference in height of the terraces limiting the La 

Lumbre river. B) Cartoon explaining the formation of temporary lakes along the Los Ganchos ravine. 
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Table Captions 

Table 1. C14 age of the bivalve and lacustrine sediments from the GK sequences and related 

deposits 

Table 2. Modeled ages, grainsize and Sulfur content of sampled layers. 
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lab code layer/deposit C14 age BP 2 calibrated age (BP) material ref

BETA-431812 C5 
 6380 +/- 40 

BP 7251-7364 sediments 1 

BETA-431811 C4 
 6260 +/- 30 

BP 7156-7262 sediments 1 

BETA-431810 C3 
 6640 +/- 40 

BP 7461-7577 sediments 1 

BETA-435219 C2 
 7500 +/- 30 

BP 8284-8382 sediments 1 

BETA-435218 C1 
 7600 +/- 30 

BP 8360-8430 sediments 1 

BETA-324064 BS 7590 +/-40 8341-8451 bivalve shell 1 

BETA-319378 LA2  15710 +/- 70 18644-19013 paleosol 1 

Huacal 7380+/-160 7924-8481 sediments 2 

ET-DAD 21 ky 21545+/-265 25029-26638 
organic 
material 2 

MY-DAD 9.6 ky 9672 +/- 80 10755-11230 
organic 
material 2 

VAC-DAD 7 ky 7040 +/-160 7590-8172 
organic 
material 2 

LG-DAD 3.6 ky 3600+/-120 3594-4242 
organic 
material 2 

ERA-DAD 2.5 
ky 2505+/-45 2425-2740 charcoal 2 

Unit O 6200+/-40 7171-6981 charcoal 3 

Unit O 6870+/-60 7587-7800 charcoal 3 

Unit N 7070+/-60 7779-8013 charcoal 3 

Unit M 7120+/-80 7776-8043 charcoal 3 

Unit L 7520+/-50 8280-8402 charcoal 3 

4C analyses were performed at BETA Laboratory.  Radiocarbon dates were calibrated with the program 

CALIB 8.2 (Stuiver et al., 2021) based on the IntCal20 Northern Hemisphere radiocarbon age calibration 

curve (Reimer et a., 2020). References : 1 this work; 2 Cortes et al., 2005; 3. Crummy et al., 2019. 
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cal yr BP granisize (wt%) 

depth (cm) min max median mean sand silt clay SO3 (wt%) 

3 6492 7003 6792 6778 0.05 92.46 7.47 0.45 

18 6702 7132 6941 6933 0.32 92.30 7.38 0.19 

28 6873 7209 7035 7036 0.09 92.25 7.66 0.34 

39 6984 7284 7112 7114 0.15 89.94 9.89 0.96 

47 7061 7330 7168 7171 0.02 85.45 14.54 0.87 

56 7161 7394 7234 7237 20.65 74.19 5.15 0.37 

59 7177 7416 7257 7261 4.31 90.92 4.77 0.37 

69 7241 7515 7340 7349 37.85 58.45 3.73 0.70 

76 7290 7584 7400 7408 1.21 91.90 6.92 1.21 

89 7404 7723 7510 7522 0.04 92.34 7.60 1.85 

97 7505 7814 7585 7606 53.81 43.29 2.91 1.04 

106 7717 7969 7854 7852 57.44 39.96 2.62 0.18 

116 7912 8165 8049 8048 0.07 90.26 9.69 1.22 

120 7974 8215 8116 8106 0.02 89.15 10.81 0.52 

129 8059 8290 8213 8189 0.00 91.59 8.38 0.90 

143 8155 8373 8288 8279 0.10 91.21 8.76 0.27 

155 8271 8439 8357 8355 0.02 93.80 6.19 0.39 

165 8350 8503 8409 8414 0.17 91.71 8.14 0.34 

173 8395 8589 8455 8469 0.03 91.95 8.02 0.53 
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