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ABSTRACT
The Cretaceous is widely considered to have been a period subjected to super-greenhouse 

conditions. Here, we provide multiscale sedimentologic evidence of glaciers developing at 
mid-paleolatitudes (∼45°N) in continental Iberia during the Hauterivian cold snap. Striated 
and faceted ice-rafted glacial dropstones (cobble to boulder size) and striated and grooved 
silt- to sand-sized grains (ice-rafted debris [IRD]) occur in a lacustrine sequence of the En-
ciso Group in the eastern Cameros Basin, Spain. The ice-rafted materials constitute the 
first evidence reported for a Cretaceous continental cryospheric record in Europe, and they 
are attributed to calving of glacier snouts, releasing icebergs into an ice-contact lake. The 
sedimentary succession resembles glacial-deglacial records in lakes overridden by the late 
Pleistocene Laurentide Ice Sheet in eastern Arctic Canada. The Iberian glacial succession was 
coeval with plateau permafrost in Asia and IRD records in the Arctic and Australia, reveal-
ing a stronger than previously thought cryosphere during the global Hauterivian cold snap.

INTRODUCTION
The widespread view of the Cretaceous 

Period as an archetypal super-greenhouse is 
being increasingly questioned by new data 
(Ladant and Donnadieu, 2016) suggesting 
that the Cretaceous cryosphere had similari-
ties with its Pleistocene and Holocene counter-
parts (Rodríguez-López et al., 2022). Evidence 
of an active cryosphere during the Cretaceous 
includes glacial dropstones and ice-rafted debris 
(IRD) transported by icebergs both in marine 
deposits (Rodríguez-López et al., 2016; Alley 
et al., 2020) and continental plateau oases (Wu 
and Rodríguez-López, 2021), and high-altitude 
permafrost (Rodríguez-López et al., 2022). Such 
evidence for deep-time glacial and permafrost 
records is vital for understanding cryosphere 

dynamics on very long time scales (106–108 
yr; Le Heron et al., 2022). Interestingly, Early 
Cretaceous glaciated seas and continents were 
coeval with warm oceans and seas (e.g., Lit-
tler et al., 2011; Price et al., 2020), revealing a 
more complex climate system than previously 
supposed.

Here, we report the occurrence of glacial 
dropstones and IRD in lacustrine deposits from 
the Lower Cretaceous section in the Cam-
eros Basin, Spain, attributed to a deglaciation 
sequence that demonstrates an active cryosphere 
at unexpected mid-paleolatitudes during the 
archetypal Cretaceous super-greenhouse.

GEOLOGIC BACKGROUND AND 
STUDY AREA

The Cameros Basin is a continental rift basin 
(30–70 km wide, 150 km long) that was located 
at midlatitudes (42°N–50°N) during the Early 
Cretaceous and developed within the Iberian 
microplate during the opening of the western 

Tethys and the North Atlantic Oceans (Nirren-
garten et al., 2017; King et al., 2021). The basin 
contains a mostly continental synrift succession 
(∼8 km thick, Tithonian–Albian). Here, we 
report ice-rafted dropstones and IRD from the 
Enciso Group (Hauterivian–early Barremian; 
Muñoz et al., 2020) in Navalsaz, northern Spain 
(Fig. 1B; Fig. S1A in the Supplemental Mate-
rial1), where this group is ∼1.4 km thick and 
consists of carbonate and siliciclastic lacustrine 
deposits (Figs. S1A–S1B and S2).

ICE-RAFTED MATERIAL
Cobble- and boulder-sized dropstones 

(Figs. 1C⎼1I and 2A–2B; Figs. S2⎼S5) and 
silt- to sand-sized IRD (Figs. 2B and 3A–3G; 
Fig. S7) were observed in three different glacial 
lithofacies (Figs. 2A, 2B, and 2E): (1) restricted 
glaciolacustrine black shales (Figs. 2A–2B and 
3F–3G); (2) laminated glaciolacustrine silts 
(Figs. 2A–2B and 3A⎼3E; Figs. S7D–S7E); 
and (3) proglacial subglacial sandy lobes 
related to glacier front retreat (Figs. 2A–2B; 
Figs. S7A⎼S7C).

Cobble- and Boulder-Sized Dropstones
A 1.4-m-thick succession of the Enciso 

Group revealed ice-rafted glacial dropstones 
both at outcrop (Figs.  1C–1I and 2A–2B; 
Figs. S2–S5) and at microscopic scales (IRD) 
(Figs. 2B and 3F–3G; Fig. S7) (see Supplemen-
tal Material text, figures, and table). Across an 
∼20-m-long outcrop, 22 dropstones were
observed, at different stratigraphic levels, in 
a 0.5-m-thick sedimentary interval formed by 
parallel-stratified silty glaciolacustrine litho-
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Figure 1. (A) Geologic map of Cameros Basin and location of studied area (star). (B) Chronostratigraphic and lithostratigraphic units 
showing location of glacial dropstones (star). Barr—Barremian; Haut—Hauterivian; Valang—Valanginian; Berr—Berriasian; Tithon—
Tithonian; Jur—Jurassic. (C) Glacial dropstone impacted in horizontally bedded siltstones (S0—depositional stratification planes; 
see Fig. S3 [text footnote 1]). (D) Dropstone with rounded edges and long axis perpendicular to bedding encased in ocher laminated 
siltstones (see Figs. S4 and S5 [text footnote 1]); (1) horizontal siltstones, (2) downturned lamination due to impact, and (3) siltstones 
draping and onlapping rounded dropstone top. (E) Detail of C, showing dropstone lamination and inherited fractures. (F) Detail of D 
showing downturned strata due to dropstone impact and the draping of the rounded dropstone top by overlying siltstones. (G) Drop-
stone with rounded edge and facets with striations. Warped stratification is due to dropstone impact. (H) Close-up view of G, showing 
striations. (I) Close-up view of H.
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facies (Figs. 2A–2B; Figs. S1⎼S5). The drop-
stones occur as dispersed, outsized cobble to 
boulder limestone clasts, with polished, faceted 
surfaces (Figs. 1C–1F; Fig. S3) and crosscutting 
striations (Figs. 1G–1I). They generated impact 
structures in the sediment beneath (Figs. 1C–1F; 
Figs. S3–S5), including downturning of the host 
stratification by up to 90° (Figs. 1D and 1F; Figs. 
S4D and S5A–S5D), observable at the dropstone 
margins, and truncation of stratification and lam-
ination (Figs. 1D–1F; Figs. S4A–S4F). Undis-
turbed laminated shales and siltstones above the 
dropstones represent subsequent draping lami-
nation (Figs. 1C⎼1F; Figs. S3A–S3E and S4G).

Geochemical signatures of the dropstones 
differ from the host laminated lithofacies 
(Fig. 2E; Fig. S2A). The dropstones display 
the original bedding (S0) and inherited millime-
ter-thick tension veins, which are rotated and 
unconformable with respect to the host lithofa-
cies lamination (Fig. 1E). Fifty percent of the 

outsized clasts have their long axes perpendicu-
lar to the bedding plane (Figs. 1C⎼1F; Figs. S3–
S6). Morphometric analysis indicated dropstone 
penetration depths up to 30 cm and bending of 
underlying bedding by up to 20 cm beneath the 
base of the dropstones (Supplemental Mate-
rial text; Table S1; Fig. S6). Collectively, these 
features are attributed to ice-rafted dropstones 
released from lacustrine icebergs and emplaced 
on the lake bottom (Le Heron, 2015; Le Heron 
et al., 2021; Rodríguez-López et al., 2016; Wu 
and Rodríguez-López, 2021). The quantified 
penetration depths and bending of underly-
ing strata suggest that glacial dropstones were 
released into a relatively deep lake.

Silt- to Sand-Sized IRD
The lithofacies hosting the outsized glacial 

dropstones also contain silt- to sand-sized IRD 
(Figs. 2B and 3; Fig. S7), which appears as dis-
persed, angular quartz clasts (>60 μm). The sur-

faces of these grains show striations (Figs. 3B, 3C, 
and 3E), conchoidal fractures (Figs. 3A–3D; Figs. 
S7A⎼S7D), and trails of crescentic gouges in asso-
ciation with curved grooves (Figs. 3B–3C and 3E).

The stratigraphic interval containing the 
dropstones and IRD rests on a 0.8-m-thick unde-
formed bed of parallel-stratified black shales and 
dark-gray mudstones that also contain dispersed 
IRD (>200 μm in size; Figs. 2B and 3F⎼3G). 
These IRD grains also display surfaces with stri-
ations and conchoidal fractures (Figs. 3F–3G) 
and are scattered in the laminated black shales, 
draped by onlapping lamination (Fig. 3F). The 
top of this lower level shows a 5⎼10-cm-thick 
shear zone horizon (at 0.75 m) covered by unde-
formed black shales (Figs. 2A–2B).

The distribution of IRD along the studied 
interval, geometric relationships with host sedi-
ments, and the surficial characteristics of IRD, 
including conchoidal fractures and striations, are 
consistent with transport in a subglacial environ-
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Figure 2. (A) Outcrop of facies deposited during glacial-deglacial cycle. Locations of samples (S1 to S12, with their stratigraphic position 
in m) and three dropstones (D3, D4, and D5) are shown. (B) Glacial-deglacial succession showing lithofacies, position of ice-rafted debris 
(IRD), and glacial stages. (C) Field photograph and (D) line drawing of basal ice–related shear band at ∼0.75 m. (E) Rare earth element (REE) 
 geochemistry of proglacial lacustrine lithofacies and glacial dropstones (values normalized to chondrite; Anders and Grevesse, 1989). 
Sc/Sm—coarse/medium-grained sandstone; Sf/Silt.—fine-grained sandstone/siltstone.
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ment (Le Heron et al., 2020), with fracturing 
and mechanical crushing by rock fragments, and 
their release to the lake from glacier calving (Xia 
et al., 2023). Glacially crushed quartz grains 
(Figs. 3A and 3D) with transverse crescentic 
fractures along the strike associated with stria-
tions (Figs. 3B–3C) are similar to those attributed 
to ice-sheet action from the Pliocene of Canada 
(Gao et al., 2012). Such grains likely formed in 
a subglacial environment characterized by frac-
turing and mechanical grinding under the gla-
cial overburden pressure (e.g., Gao et al., 2012;  
Le Heron et al., 2020). Troughs with flat floors 
containing trails of transverse gouges associated 
with deep grooves and striations (Fig. 3E; Fig. 
S7E) also formed during subglacial transport 
(cf. Gao et al., 2012). Angular and subangular 
quartz grains with ubiquitous, large conchoidal 
fractures and associated grooves (Fig. 3; Figs. 
S7A–S7D) have been observed in glacial sedi-
ments of Russell Glacier, Greenland (Kalińska-
Nartiša et al., 2017). Similar angular grains with 
grooves and striations (Figs. 3D–3E) have been 

reported from recent glacial diamicts from East 
Antarctica (Shrivastava et al., 2014), from Pro-
terozoic glacial diamictites in Brazil (Araújo 
and Nogueira, 2019), and from the Lower Cre-
taceous section of Australia (Alley et al., 2020).

Angular quartz grains with striations, 
grooves, and conchoidal fractures (Fig. 3; Fig. 
S7) attributed to subglacial transport (e.g., Le 
Heron et al., 2020) also occur in the 0.5-m-thick 
clastic wedge (subglacial fan) that overlies the 
interval containing the boulder-sized glacial 
dropstones and IRD (Figs. 2A–2B; Fig. S7A), 
which were incorporated into the prograding 
deglacial clastic wedge when subglacial melt-
waters reached the proglacial lake.

DISCUSSION AND CONCLUSIONS
Cretaceous Glacial-Deglacial Cycle and Its 
Pleistocene Analogue

The Cretaceous succession from Iberia 
resembles lacustrine sediment sequences related 
to Pleistocene glacial-deglacial cycles of the 
Laurentide Ice Sheet (LIS) in the eastern Cana-

dian Arctic (fig. 3 of Briner et al., 2007). Four 
stages are differentiated (Fig. 4A): (1) deposi-
tion of the lowermost black shales predating the 
glacial-deglacial succession (Figs. 2A–2B); (2) 
glacial advance across the lake (2 in Fig. 4A), 
where calving and melting of icebergs and growl-
ers released IRD (0⎼25 cm interval; Figs. 2B and 
3F⎼3G), and geochemical anomalies (Fig. S2) 
are associated with meltwater plumes entering 
the lake (cf. Stevenard et al., 2022); (3) further 
advance of the glacier, progressive subglacial 
lake isolation, condensation and accumulation 
of black shales with IRD (25⎼75 cm interval in 
Figs. 2A–2B; see also fig. 3C of Briner et al., 
2007), and geochemical anomalies (e.g., Na, U, 
Ag; samples S5, S6, and S7 in Fig. S2); and 
(4) onset of deglaciation, with dropstones and 
IRD deposition from melting icebergs due to 
frequent calving of the ice front. The maximum 
glacial advance (stage 3) led to coupling of the 
basal glacier ice with the lake-bottom sediments, 
triggering shear deformation (Figs.  2B⎼2D, 
at 0.75 m), with overlying undeformed black 

A B C D
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Figure 3. Field emission scanning electron microscope (FESEM) images of ice-rafted debris (IRD): (A) IRD (position +0.05 m, Fig. 2B), with 
angular edges (1) and conchoidal fractures (2). (B) Close-up view of D, showing parallel grooves and trails of transverse and lunate gouges. 
(C) Detail of B showing curved grooves, striations, and transverse straight and lunate gouges. (D) IRD (position +0.05 m, Fig. 2B), showing 
angular edges (1), grooves and striations (2), and conchoidal fractures (3). (E) Close-up view of D, showing groove with transverse gouges (1) 
and straight and curved grooves (2). (F) Sand-sized dropstone with conchoidal structures encased in black shales (position –1.0 m, Fig. 2B). 
Arrows indicate drape of lamination covering dropstone protrusion. (G) Detail of F, showing conchoidal fractures (1) with arcuate steps, onlap-
ping and drape of overlying lamination (2), and fracture (3) postdating conchoidal fractures.
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shales attesting to resumed subglacial sedi-
mentation and basal ice–sediment decoupling. 
Glacier calving during stage 4 released icebergs 
and growlers, leading to accumulation of boul-
der-sized glacial dropstones (Figs. 1C⎼1I; Figs. 
S3⎼S5) that generated large impact structures 
in the sediment and propagated ductile defor-
mation up to 40 cm depth (Fig. S6; Table S1). 
IRD with evidence of subglacial transport and 
crushing (Figs. 3A⎼3G; Figs. S7D–S7E) also 
accumulated from icebergs during this deglacial 
stage (Fig. 2A). As deglaciation continued (5 
in Fig. 4A), the increasing supply of proglacial 
sediments led to progradation of a clastic wedge 
in the lake (Figs. 2A⎼2B), as also occurred in the 
Quaternary analog of Baffin Island lakes (fig. 3D 
of Briner et al., 2007). This clastic wedge (sub-
glacial fan) also contains quartz grains with evi-
dence of subglacial transport (Figs. S7A⎼S7C).

Maximum Latitudinal Extent of Glacier Ice 
during an Enigmatic Cretaceous Climate 
State

In the Arctic, there is evidence, including 
IRD and glendonites, for an active cryosphere 
during the Hauterivian cold snap (Grasby et al., 
2017; Galloway et al., 2019; Vickers et al., 
2019; Schneider et al., 2020), but until now, 
a midlatitude continental record of this global 

event has remained unrecognized. The Iberian 
dropstones and IRD reported here provide the 
first evidence for continental glaciers and gla-
cial-deglacial processes reaching mid-paleolat-
itudes (42°N–50°N) during the Hauterivian in 
the Northern Hemisphere (Fig. 4B). The syn-
chronicity of glaciers in the Southern Hemi-
sphere (Alley et al., 2020) with high-altitude 
plateau permafrost in China (Rodríguez-López 
et al., 2022) points to a bipolar glaciation asso-
ciated with the Hauterivian cold snap. Our 
paleoenvironmental reconstruction (glaciers at 
42°N–50°N) matches the maximum latitudinal 
extent of both the ice cover during the Hauteriv-
ian cold snap (Cavalheiro et al., 2021) and the 
glacier snouts and ice lobes (40°N) during the 
late Pleistocene LIS (Fig. 4B; Dyke, 2004; Ull-
man et al., 2015). Coeval with this Hauterivian 
glaciation, the Early Cretaceous tectonic uplift 
of Iberia, triggered by the evolution of its plate 
margins (King et al., 2021), may have lowered 
glacier equilibrium-line altitudes (ELAs), push-
ing glacier snouts to reach even lower latitudes. 
Similar drops in ELAs associated with global 
glaciations have been reported from the Eocene-
Oligocene transition cold snap (EOT-1) in Tibet 
(Xia et al., 2023) and the late Pleistocene Last 
Glacial Maximum (LGM) (e.g., dropping 
ELAs by 980–1000 m in the equatorial Rwen-

zori Mountains in Uganda and the Democratic 
Republic of Congo, leaving lateral moraines at 
∼2.5 km above sea level; Doughty et al., 2023). 
The Early Cretaceous glaciation of midlatitude 
continental Iberia was coeval with warm tropi-
cal and equatorial seas (e.g., Littler et al., 2011; 
Price et al., 2020). This synchronicity resembles 
other temperature discrepancies such as those 
recorded during the Oligocene (O’Brien et al., 
2020), when unexpected warm-temperate con-
ditions in Southern Hemisphere high-latitude 
sea-surface temperatures (SSTs) coexisted with 
a large Antarctic ice sheet reaching the mar-
gins of the polar continent (Hoem et al., 2022). 
Reconciliation of translatitudinal paleoclimate 
proxies will require improved paleoclimate 
models, with better resolution in marine geo-
chemical records, establishment of more accu-
rate Early Cretaceous paleogeographic and 
latitudinal reconstructions, and refined dating 
techniques for both marine and continental 
records. Collectively, these findings invite reap-
praisal of the sedimentologic interpretations of 
Hauterivian⎼early Barremian records, at least in 
Iberia (including other Cretaceous dropstones; 
e.g., Doublet and García, 2004), Eurasia, and 
North America. Is there further evidence for 
Early Cretaceous glaciation and periglaciation 
in northern Eurasia?

A B

Figure 4. (A) Evolutionary model of Cretaceous glacial-deglacial cycle in proglacial lake–glacier terminus in Iberia (modified from Briner 
et al., 2007). (B) Paleoenvironmental restoration of southern North Atlantic (SN Atl), with North America fixed on present-day coordinates, and 
rifted domains (based on Nirrengarten et al., 2017; Angrand and Mouthereau, 2021; Asti et al., 2022). Star shows location of Cameros Basin. 
IRD—ice-rafted debris.
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