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Abstract

In this study, we investigate silica spherules with a diameter <1.25 mm from sediment cores retrieved 
from the northern Drygalski Trough, during the Italian Antarctic Research Programme (PNRA) 
expeditions in 1999 and 2002. In the past, these unique spherules have been a subject of interest due 
to their distinctive characteristics. Despite previous hypotheses on their origin, a comprehensive 
discussion on their formation mechanism and implications in marine sediments was lacking. 
Our analysis encompasses the depositional environment, morphology, internal texture, major 
element composition, and age determination through radiocarbon dating (14C) and 40Ar‑39Ar dating 
of spherule-containing sediments. By integrating our findings with a critical review of existing 
literature, we propose that spherules form by cyclical chemical precipitation of silica when silica‑rich 
freshwater mixed with seawater during extensive events of ice melting. We also tentatively suggest 
that these spherules possibly represent a proxy for significant meltwater production and discharge 
into the Antarctic Ocean.
This research contributes to a better understanding of silica spherules in polar marine environments 
and their implications for past climate conditions.

1. Introduction

Micron‑ to millimetre‑sized silica‑rich spherules form through various natural processes and have been
found in diverse geological records. These processes include lightning strikes within volcanic eruptive 
columns [Genereau et al.,  2015], the cooling and rapid alteration of volcanic glass droplets in eruptive plumes 
[Lefèvre et al., 1986; Spadaro et al., 2002; Porritt et al., 2012], cloud‑to‑ground lightning strikes [Pasek et al., 2012], 
as well as meteorites impacts on silica‑rich terrain [Genge et al., 2008; Glass and Simonson, 2013]. However, there 
exists a distinct group of silica spherules that cannot be attributed to these “conventional” processes based on their 
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chemical composition, morphology, and internal texture. These unique spherules have been repeatedly identified in 
glaciomarine sediments from the Ross and Weddell Seas in Antarctica, with hypotheses proposed for their formation 
mechanism [Perry, 1999; Gerard‑Little et al.,  2006; Yeh et al.,  2012], in some cases only tentatively [Weiterman 
and Russell, 1986]. Despite these proposals, a comprehensive discussion on the formation mechanism and the 
significance of their presence in marine sediments is still lacking.

In this study, we present findings on silica spherules with a diameter <1.25 mm discovered in Late 
Pleistocene-Holocene marine sediments from the Ross Sea during the 1999 and 2002 oceanographic expeditions 
of the Italian Antarctic Research Programme  (PNRA). Our analysis includes the depositional environment of 
the spherules, their morphology, internal texture, major element composition, and age determination through 
radiocarbon dating (14C) and 40Ar‑39Ar dating of the spherule-containing sediments. By integrating our data with a 
comprehensive review of previous studies on silica spherule occurrences, we put forth a hypothesis regarding the 
formation mechanism of these spherules and suggest their potential utility as a proxy for significant meltwater 
production and discharge into the Antarctic Ocean.

2. Study area

The sediment cores investigated were obtained north of Coulman Island in the northern Drygalski Trough, which 
follows a paleo‑ice stream that is oriented SSW/NNE and runs along the axis of the trough (Fig. 1). This particular 
section of the trough reaches depths of approximately 600 m. The morphology of the region is notably complex, 
characterised by drumlins, mega‑scale glacial lineations, and iceberg furrows running parallel to the trough axis 
[Shipp et al., 1999]. During the Last Glacial Maximum (LGM), the grounding line was situated on the mid‑outer 
shelf just north of Coulman Island. However, by approximately 13,000 ka BP, the grounding line had retreated 
from this maximum position [Livingstone et al., 2012; Anderson et al., 2014 and references therein]. The Drygalski 

Figure 1. �Maps of A) Weddell Sea, and B) Ross Sea, showing the location of cores in which silica spherules were found. The 
cores studied in this work are highlighted in red. The figure is based on a NASA map by R. Simmon [data from 
the Radarsat Antarctic Mapping Project, T. Scambos, C. Shuman, and M.J. Siegert].
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Trough plays a vital role as a conduit for warm water masses to flow onto the continental shelf and facilitates the 
transportation of dense shelf water, specifically High Salinity Shelf Water (HSSW), towards the shelf break from 
source regions further south [Budillon et al., 2011].

3. Methods of investigation

We examined cores retrieved by gravity corer in the Ross Sea during the 1999 and 2002 oceanographic expeditions 
of the PNRA (Fig. 1). Samples of 20 cm3 were collected at 5 cm intervals along the studied cores and sieved at one φ 
interval (where φ = –log2D with D = the particle diameter) ranging from –3 φ  (8 mm) to +5 φ  (0.032 mm). All 
grain‑size fractions were inspected under the stereomicroscope, and the spherules were hand‑picked. The presence 
of spherules was examined down to +5 φ using a scanning electron microscope (SEM). For each sample, the number 
of spherules per gram of dry weight was determined, as presented in Table 1.

Core Depth 
[cm b.s.f.] Grain‑size Sperule n° Grams Sperule/g

ANTA02‑NW02 133 1000‑125 μm 2 31.33 0.06

ANTA02‑NW03 1 1000‑125 μm 10 19.94 0.50

ANTA02‑NW03 12 1000‑125 μm 7 23.70 0.30

ANTA02‑NW03 103 1000‑125 μm 1 13.86 0.07

ANTA99‑NW27 18.5 500‑250 μm 4 10.55 0.38

ANTA99‑NW27 25.5 500‑250 μm 1 1.92 0.52

ANTA99‑NW27 45.5 500‑250 μm 1 9.86 0.10

ANTA99‑NW27 55.5 500‑125 μm 7 10.16 0.69

ANTA99‑NW27 168.5 500‑250 μm 1 6.35 0.16

ANTA99‑NW31 14.5 500‑250 μm 4 2.95 1.36

ANTA99‑NW31 41.5 500‑250 μm 6 4.60 1.31

ANTA99‑NW31 63.5 1000‑250 μm 1 6.80 0.15

ANTA99‑NW31 70 1000‑125 μm 50 25.75 1.94

ANTA99‑NW31 71.5 1000‑500 μm 11 11.10 0.99

ANTA99‑NW31 80 1000‑125 μm 39 28.68 1.36

ANTA99‑NW31 82.5 1000‑125 μm 12 9.58 1.25

ANTA99‑NW31 88 1000‑125 μm 44 20.82 2.11

Table 1. Number of silica spherules per gram of dry sediment in the studied sequences.
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The spherules were photographed, and their shape and internal texture were described using the optical 
microscope. Subsequently, they were embedded in epoxy resin and prepared as thin sections for internal microtextural 
observation under a scanning electron microscope (SEM) at the Istituto Nazionale di Geofisica e Vulcanologia 
(Sezione di Pisa) with a Zeiss EVO MA 10.

The major element composition of the spherules was analysed at the HPHT Laboratory of Istituto Nazionale 
di Geofisica e Vulcanologia (Sezione di Roma) using a JEOL JXA 8200 electron microprobe equipped with 
5 wavelength-dispersive spectrometers (WDS) and an energy-dispersive analytical system (EDS). The instrumental 
working conditions were as follows: 15 kV accelerating voltage, 12 nA beam current, 5 μm electron beam diameter, 
with 10 s and 5 s acquisition time for peak and background, respectively. For each sediment sample, 5 spherules were 
randomly selected, and a minimum of 10 points were analysed from the rim to the core of each spherule. Analytical 
errors were estimated from mineral and natural glass standards and are typically less than 1% for major elements 
>10 wt%, less than 5% for major elements 1‑10 wt%, and less than 10% for minor elements 0.1‑1 wt%.

The determination of biogenic silica on spherules was carried out on samples where the spherules were more 
abundant, specifically in ANTA99‑NW31‑71.5 and ANTA99‑NW31‑88. Each sample underwent analysis twice. 
Biogenic silica contents were determined following a progressive dissolution method [DeMaster, 1981], followed by 
colorimetric analysis. A 0.5 M NaOH solution was used as an extractant due to the high concentration of biogenic 
silica in our samples. The extraction process involved subjecting 20 mg of spherules to extraction at 85°C, with 
0.2 ml aliquots taken for analysis every hour for 4 hours. The associated error typically falls within the range of 5‑8%.

Age constraints for the sediment layers containing spherules were obtained from previous studies, which 
included 14C dating of decalcified sediment samples [Colizza et al., 2003] and 40Ar/39Ar dating of single k‑feldspar 
crystals from tephra layers  [Del Carlo et al., 2015]. Additionally, the sediment layers containing spherules were 
dated using the AMS 14C dating method on planktonic foraminifera concentrate. Three AMS 14C analyses were 
performed on mixed benthic foraminifera. The radiocarbon ages were calibrated using the OxCal program, with a 
reservoir correction ΔR (reservoir age) of 1300 ± 300 years utilized for calibration, as recommended by Berkman and 
Forman [1996] for Southern Ocean carbonate samples. The calibrated ages are reported in years BP and correspond 
to a 2σ confidence level.

4. Results

4.1 Abundance, textural characteristics and composition of spherules

Spherules were discovered in four of the nine analyzed sediment cores, specifically in the ANTA99‑NW27, 
ANTA99‑NW31, ANTA02‑NW02 and ANTA02‑NW03 cores. These cores are located approximately between 40 
and 80 km north of Coulman Island, in the northern part of Drygalski Trough (Fig. 1). In these cores, the spherules 
concentration ranges from 0.06 to 2.11 per gram of dry sediment (Table 1). The diameters of the spherules vary 
from approximately 0.125 mm to 1.25 mm. Most spherules are transparent and colourless, with some exhibiting a 
pearly lustre. They vary in shape from spherical to ellipsoidal or slightly dumbbell-shaped, with a few resembling 
apples (Fig. 2a‑c). The inner parts of the spherules show a structured appearance with thin, well‑defined, concentric 
layering parallel to the external surface (Fig. 2c‑i). No detrital grains, bioclasts, or other particles were observed in 
the spherules nuclei (Fig. 2c‑i). The layers vary in thickness from a few microns to tens of microns, typically thinning 
with distance from the nuclei (Fig. 2). The external texture is influenced by the inner structure, often displaying 
exfoliation surfaces. The external surface is smooth at a micron‑scale level, occasionally showing wrinkled and 
micro‑pitted surfaces.

The spherules’ major element chemical composition is consistent, as shown in(major elements in wt.%). They 
typically contain around 78‑85 wt.% SiO₂ and ≤1 wt.% Na₂O + K₂O. The total of the remaining elements (TiO₂, 
Al₂O₃, FeO, MgO, MnO, CaO, and P₂O5) never exceeds 1 wt%. The estimated water content, based on the analytical 
deficit in EMP‑WDS analyses, ranges from 15.6 to 21.1 wt%.

The spherules are primarily composed of silica. Biogenic silica analyses indicate that inorganic silica predominates, 
with biogenic silica accounting for less than 0.5 wt%.



Silica spherules from the Ross Sea, Antarctica

5

Figure 2. �Optical microscope and SEM backscatter images of the spherules identified in the ANTA99‑NW27, ANTA99‑NW31, 
ANTA02‑NW02 and ANTA02‑NW03 sediment cores from the Ross Sea (Antarctica). A) Silica spherules within 
volcanoclastic sediments of core ANTA99‑NW31. B‑c) Internal structure of the spherules observed under optical 
microscope in transmitted light. D‑e) Detail of the external and f‑i) internal structure of the spherules observed 
under scanning electron microscope.

Depth 
[cm]  SiO2

St. dev 
[2σ] Al2O3

St. dev 
[2σ] FeO St. dev 

[2σ] MgO St. dev 
[2σ] CaO St. dev 

[2σ] Na2O St. dev 
[2σ] K2O St. dev 

[2σ] Total St. dev 
[2σ]

NW2

0‑1 83.49 1.44 0.04 0.03 0.02 0.03 0.01 0.02 0.03 0.02 0.67 0.07 0.14 0.03 84.38 1.43

11‑12 83.70 0.76 0.04 0.02 0.02 0.03 0.02 0.03 0.01 0.01 0.63 0.05 0.12 0.02 84.54 0.76

51‑52 83.02 0.90 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.70 0.04 0.15 0.03 83.92 0.93

69‑70 82.60 0.84 0.04 0.03 0.02 0.02 0.00 0.01 0.02 0.02 0.69 0.04 0.14 0.02 83.51 0.84

NW31
78‑79 82.62 1.81 0.04 0.02 0.02 0.03 0.01 0.02 0.00 0.01 0.73 0.08 0.14 0.02 83.56 1.84

88‑89 78.06 5.77 0.13 0.29 0.01 0.02 0.01 0.01 0.02 0.02 0.56 0.20 0.12 0.05 78.91 5.76

Table 2. �Average major element composition and standard deviation of silica spherules from ANTA99‑NW31 and 
ANTA02 NW2 cores from Antarctica determined by SEM‑EDS and EMPA.
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4.2 Depositional environment and age of spherules in the investigated sequences

The four sediment cores in which spherules were discovered primarily consist of glaciomarine sediments 
ranging from mud to sand. Moreover, these cores contain abundant primary pyroclastic fall deposits and slightly 
reworked volcaniclastic sands enriched with bioclasts are abundant in these cores. In cores ANTA99‑NW27 and 
ANTA99‑NW31, a diamictite layer rich in volcanic fragments is present at the base of the sequences  (Fig. 3). 
Additionally, a minor quantity of iceberg‑rafted debris, in the form of oversized clasts known as dropstones, is also 
observed. The characteristics of the tephra layers suggest that they are fallout primary beds deposited through the 
water column during Plinian to sub‑Plinian eruptions [Del Carlo et al., 2015]. The volcanic eruptions responsible 
for these deposits have been dated between 137.1 ± 3.4 and ≤12 ka years ago [Del Carlo et al., 2015].

The presence of spherules appears to be independent of sedimentary facies, as they have been identified in all 
types of sediments except diamictite.

Core ANTA99‑NW27 (327 cm) was retrieved at a water depth of 524 m. The lower section of the core (213‑327 cm) 
comprises unstructured diamicton with a limited biogenic fraction. The overlying sediment is homogeneous silty 
sand with occasional clasts. Towards the upper portion, silty sand with an abundant biogenic fraction (mainly 
forams and sponge spicules) dominates. Ice‑rafted debris is sporadically present throughout. Notably, two layers of 
volcanoclastic sand to silty sand with inverse to normal grading are observed in this core (refer to Fig. 3). Spherules 
are found at 168.5 cm and 18.5‑55.5 cm within this core. Radiocarbon dating at depths of 231‑232 cm and 71‑72 cm 
provides an age between 30.3 and 25.4 ka cal. BP for the lowermost spherule‑bearing layer and an age younger than 
25.4 ka cal. BP for the uppermost one.

Core ANTA99‑NW31 (372 cm) was collected at a water depth of 535 m. The lower section of the core (224‑372 cm) 
is characterised by a mixture of sand, silt, and clay with abundant clasts  (diamicton) and a limited biogenic 
fraction. Moving upwards, the sediment transitions from silty clay to sandy silt and silty sand, with occasional 
gravel fractions. The biogenic fraction is mainly concentrated in carbonate‑rich levels. Two tephra layers are 
observed at depths of 173‑205 cm and 42‑61 cm (Fig. 3). Spherules are consistently present between depths of 14.5 

Figure 3. �Stratigraphic logs of cores. The sediment intervals in which spherules have been identified are highlighted in 
red. 40Ar-39Ar [in blue, Del Carlo et al., 2015] and 14C ages [Colizza et al., 2003] of the studied deposits are also 
shown. 14C ages from this study are in green, and the 14C ages from the literature are in red.
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and 89 cm, with a radiocarbon-corrected age estimated to be approximately between 7.6 ka and 24.1 ka cal. BP 
[Colizza et al.,  2003]. A†radiometric age of 21 ± 6.4 ka cal. BP obtained using 40Ar‑39Ar dating of the tephra at 
42‑61 cm [Del Carlo et al., 2015] is consistent with the radiocarbon age.

Core ANTA02‑NW02  (302 cm) was collected from a water depth of 588 m and exhibits alternating layers of 
silty/muddy‑volcaniclastic sand, silty clay to sandy silt, and thick tephra layers. Spherules are discovered at a 
depth of 133 cm within a silty/muddy‑volcaniclastic sand layer  (refer to Fig. 3). Three corrected radiometric 
ages were obtained through 40Ar‑39Ar dating on k‑feldspar crystals within tephra layers sampled at depths of 
3.5‑4.5 cm, 225‑226 cm, and 256‑257 cm, yielding ages of 23.7 ± 5.3 ka, 72 ± 2.8 ka, and 74.6 ± 2.1 ka, respectively 
[Del Carlo et al., 2015; see Fig. 3]. Consequently, a generalised age between 23.7 ± 5.3 ka and 72 ± 2.8 ka is inferred 
for the sediment containing the spherules.

Core ANTA02‑NW03 (113 cm) was retrieved from a water depth of 534 m and is characterized by very dark grey 
terrigenous and volcanoclastic sand to muddy sand with sparse mm to cm clasts (as shown in Fig. 3). Bioclasts, 
mainly consisting of foraminifers and bryozoans, are concentrated in certain levels. Spherules are located at a 
depth of 104 cm within volcanoclastic sand and at depths of 0‑12 cm in the reworked upper portion of a tephra 
layer occurring at depths of 25‑35 cm (refer to Fig. 3). Calibrated radiocarbon ages of 33.05‑33.96 ka and younger 
than 15.45‑15.84 ka BP were obtained on planktonic foraminifera for the two layers bearing spherules (see Fig. 3).

4.3 Occurrence of silica spherules in other sediment cores from Ross and Weddell Seas

Silica spherules similar to those described in this study have been previously documented in glaciomarine 
sediments from the Ross Sea and Weddell Seas by various researchers [Weiterman and Russell, 1986; Perry, 1999; 
Gerard‑Little et al., 2006; Yeh et al., 2012]. In the Ross Sea, the sites where spherules have been reported extend 
southward from Cape Adare into Mc Murdo Sound (~750 km) and up to about 430 km off the coast of Victoria 
Land (Fig. 1; Table 3). Silica spherules have been identified in the DF 87‑14 piston core [Perry, 1999] sampled in the 
western Ross Sea (Fig. 1) at depths of 142‑140 and 122‑120 cm b.s.f., and again at 62‑60 and 40‑38 cm b.s.f. (Fig. 3; 
Table 3). Radiocarbon dating on planktonic foraminifera from 5‑9 cm and 140‑141 cm b.s.f. yielded uncorrected ages 
>35.41 ka [Taviani et al., 1993] and <40.5 ± 1.5 ka BP [Smith and Licht, 2002], respectively (Table 3). To account 
for the uncorrected ages, a typical reservoir correction of 1300 ± 300 years, as recommended by Berkman and 
Forman [1996] for Southern Ocean biogenic carbonate samples, was applied. The corrected ages are >34.1 ± 0.3 and 
39.2 ± 1.5 ka respectively. In Eltanin piston cores ELT32‑8 and ELT32‑43 recovered on the continental slope of the 
western Ross Sea, and in piston cores ELT32‑13 and ELT32‑16 collected off the Scott coast (Fig. 1; Table 3), spherules 
were identified in several sediment intervals [Perry, 1999; Gerard‑Little et al., 2006], as illustrated in Figure 3. Age 
constraints are only provided for core ELT32‑43, in which spherules occur in the sediment intervals 282‑200 cm, 
140‑100 cm and 41‑43 cm b.s.f. [Perry, 1999]. For this core radiocarbon dating at 100‑102 cm and 160‑162 cm 
yielded corrected ages of 34.57 ± 0.79 and 23.8 ± 0.24 ka [Smith and Licht, 2002], respectively  (Fig. 3; Table 3). 
Corrected radiocarbon ages of between ~11.15 and 7.30 ka BP (Fig. 3 and Table 3) were reported for spherule‑bearing 
sediments at depths of 210‑190 cm b.s.f. in the core NBP 95‑01 39KC sampled in the mid‑continental shelf of the 
western Ross Sea [Cunningham et al., 1999; Fig. 2]. Spherules have also been reported in calcareous ooze and fine 
sand throughout piston core DF 80‑92, in the fine sands of piston core DF 80‑117 (Fig. 3), and in the coarse sand 
and diatomaceous mud of grab samples DF 80‑39, –49 and –77 [Weiterman and Russell, 1986; Fig. 3]. A Quaternary 
age is reported for grab sample DF 80‑39, as well as for piston cores DF 80‑92 and –117 at depths of 95‑96 and 
35‑36 cm b.s.f., respectively [Amrisar et al., 1988]. No spherules were found in Ross Sea marine sediments younger 
than ~7.3 ka BP.
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Core Lat. (S) Long. (E)
Depth 

[cm b.s.f.]
Age Reference

ANTA02‑NW02 Lat.: –73.516° Long.: 170.550° 133 23.7 ± 5.3 ‑ 72 ± 2.8 ka cal. BP Del Carlo et al. [2015]

ANTA02‑NW03 Lat.: –72.967° Long.: 170.989°

104‑103 33.5 ‑ 33.96 ka cal. BP This work

54‑55 24.76 ‑ 25.37 ka cal. BP Del Carlo et al. [2015]

12‑0 15.45 ‑ 15.84 ka cal. BP This work

ANTA99‑NW27 Lat.: –72.994° Long.: 172.091° 168.5‑18.5 <30.3 ka cal. BP Colizza et al. [2003]

ANTA99‑NW31 Lat.: –73.227° Long.: 170.988° 89‑14.5 <24.1 ka cal. BP Colizza et al. [2003]

DF87‑14 Lat.: –72.972° Long.: 179.892°

38‑40

>35.41 ka BP and 
<40.5 ± 1.5 ka (uncorrected)

Taviani et al. [1993];  
Smith and Licht [2002]

60‑62

122‑120

142‑140

EL32‑08 Lat.: –73.967° Long.: 176.117° 10 —

EL32-13 Lat.: –74.955° Long.: 172.163°

22‑20 —

100‑98 —

122‑120 —

184‑182 —

EL32-16 Lat.: –75.973° Long.: 178.137°

62‑60 —

82‑80 —

100‑98 —

122‑120 —

142‑140 —

162‑160 —

182‑180 —

282‑280 —

EL32-43 Lat.: –72.453° Long.: 176.983°

43-41 —

102‑100
<34.57 ± 0.79 ka and 

>23.85 ± 0.24 ka cal. BP
Smith and Licht [2002]122‑120

142‑140

202‑200 —

242‑240 —

262‑260 —

282‑280 —

NBP95-01 30KC Lat.: –76.058° Long 164.585° — —

NBP95-01 31KC Lat.: –75.7° Long 165.417° — —

NBP95-01 37KC Lat.: –74.498° Long 167.743° — —
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Core Lat. (S) Long. (E)
Depth 

[cm b.s.f.]
Age Reference

NBP95‑01 39KC Lat.: –74.024° Long 172.961° 210‑190 <11.15 and >7.30 ka cal. BP Cunningham et al. [1999]

NBP 99‑02 11KC Lat.: –76.311° Long 169.659° — —

NBP 99‑02 12KC Lat.: –76.312° Long 169.668° — —

DF80 ‑ 39 (grab) Lat.: –71.017° Long.: 168.733° — —

DF80 ‑ 49 (grab) Lat.: –77.31° Long: 164.44° — —

DF80 ‑ 92 Lat.: –75.33° Long: 163.02° 0‑117 —

DF80 ‑ 117 Lat.: –74.53° Long.: 164.04° 0‑30 —

IWSOE68 68‑16 Lat.: –74.85° Long.: –39.083° — —

IWSOE70 2‑19‑2 Lat.: –74.35° Long.: –38.25°
30‑35 16.19 ± 0.07 ka cal. BP Smith and Licht [2002]

350‑355 15.09 ± 0.27 Hillenbrand et al. [2012]

Table 3. �Sampling details of cores where silica spherules have been found with sediment depths and ages of sediment 
layers indicated.

Silica spherules were found also in sediments of the Weddell Sea; specifically, cores IWSOE70 2‑19‑1 and 
IWOE68‑16 (Fig. 1) document their occurrence but without a precise indication of sediment depths [Perry, 1999]. 
In core IWSOE70 2‑19‑1, consisting mostly of unstratified to stratified pebbly mud, radiocarbon ages on foraminifera 
yielded downcore inverse uncorrected 14C ages of 16.19 ± 0.07 and 11.27 ± 0.06 ka at a depths of 30‑35 cm and 
350‑355 cm b.s.f., respectively [Anderson and Andrews, 1999; Smith and Licht, 2002]. Smith and Licht  [2002] 
emphasise that the younger age should not be considered due to it being obtained from mixed benthic and planktonic 
foraminifera, whereas the older age was derived solely from benthic foraminifera, making it more reliable. The 
latter age has been later calibrated to yield a corrected age of 15.09 ± 0.27 ka BP [Hillenbrand et al., 2012]. No age 
is provided for Weddell Sea core IWOE68‑16.

5. Discussion

5.1 �Concentrically layered silica spherules vs unstructured silica‑rich spherules: similarities 
and differences

Silica‑rich spherules are widespread in many geologic records on Earth [Generau et al., 2015] and have also 
been identified on the Moon [McGetchin and Head, 1973; Heiken et al., 1974; Heiken and McKay, 1978; Heiken and 
Wohletz, 1985]. These are formed through a range of natural processes, primarily at high temperatures.

When a meteorite from space enters the atmosphere and melts upon impact, it generates cosmic spherules 
[e.g., Brownlee et al.,  1983; Genge et al.,  2008; Generau et al.  2015]. Similarly, the high‑energy impact of an 
extra‑terrestrial object on Earth’s surface may instantaneously melt and vaporise the impacted substratum, leading 
to the formation of spheroidal, glassy, sand‑sized particles known as microtektites [Simonson and Glass, 2004; Glass 
and Simonson, 2013].

Glassy spherules (achneliths) are produced by volcanic processes, resulting from the spray of hot, low‑viscosity 
magmas during basaltic eruptions [Walker and Croasdale, 1971; Carracedo Sánchez et al., 2010; Porritt et al., 2012] 
or from the alteration of volcanic glass in eruptive columns [Lefèvre et al., 1986; Spadaro et al., 2002].

Silica spherules are created when the heat generated by a cloud‑to‑ground lightning strike melts the substrate 
[Pasek et al., 2012; Generau et al., 2015].

However, the geochemical composition and concentric layering of the silica spherules studied in this work have 
distinct characteristics that differentiate them from other silica‑rich spherules produced by high‑temperature 
natural processes, hitherto known. In the following section, we summarise the physical features and chemical 
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composition of the latter and discuss how they differ from those studied here. Specifically, we focus on silica‑rich, 
glassy spheroidal particles, excluding metallic or other non‑glassy spherules (e.g. clinopyroxenes spherules).

Cosmic spherules and microtektites
Cosmic spherules and microtektites can have variable internal textures [Genge et al., 2008; Glass and Simonson, 

2013]. Microtektites are predominantly spherical [62 to 90% of the total; Glass and Simonson 2013 and references 
therein], but they can also take the form of teardrops, dumbbells, oblate shapes, or complex disks formed by the 
fusion of two or more microtektites. The size of microtektites ranges from a few tens of microns up to several 
millimetres, typically less than a millimetre in diameter. They come in a range of colours from transparent colourless 
to pale yellow, yellow, bottle green, or dark brown, with varying levels of opacity or translucency. The external surface 
of microtektites displays diverse textures such as protrusions, etching marks, corrosion, or high‑velocity impact 
pits [Glass and Simonson, 2013 and references therein]. Internally, they are structureless, occasionally showing 
small vesicles, tiny crystalline phases, and silica‑rich or lechatelierite inclusions [Glass and Simonson, 2013 and 
references therein]. The composition of microtektites varies widely; Cenozoic microtektites are typically SiO2‑rich 
with silica content varying from less than 50 wt% to over 80 wt%, with other major oxides decreasing proportionally 
with increasing silica. A notable characteristic of microtektites is their extremely low water content commonly 
<0.02 wt% [Glass and Simonson, 2013].

Achneliths
Achneliths produced by volcanic eruptions typically have a shiny appearance ranging in colour from 

honey‑coloured to black and vary in shape from spherical to elongated. The external surface is usually smooth but 
may exhibit micro‑cracks (polygonal), sinuous fine corrugations and wrinkles, or adhering dust. In thin sections, 
volcanic glass forming these particles can range from dense  (unstructured) to highly vesicular and aphyric to 
microlite‑rich. Volcanic glass may undergo alteration into palagonite, resulting in an orange colour. The chemical 
composition of achneliths is mostly basaltic with SiO2 between 45‑52 wt%, total alkali content (K2O + Na2O) <5 wt%. 
The average chemical composition of basalt determined by 3594 chemical analyses of basaltic rocks recalculated 
volatile‑free to a total of 100% is available in Best [2002].

Fulgurite droplets
Fulgurite droplets are particles expelled from a fulgurite formed by cloud‑to‑ground lightning strikes 

[Pasek et al., 2012]. They have a fused and fluidal external morphology, while internally they are typically solid, 
often containing unmelted mineral grains, vesicles, or voids. The composition of fulgurite droplets generally 
mirrors the composition of the substrate targeted by the lighting. Usually, they consist of coexisting nearly pure 
SiO2 glass (lechatelierite) coexisting with a second melt composed of a mixture of the other oxides [groundmass 
melt; Pasek et al., 2012]. Microprobe analyses of fulgurite, similar to cosmic spherules and microtektites, indicate 
a relatively low water content of less than <1 wt%.

From the discussion above, it is evident that the silica spherules examined in this study differ from any spherical 
particles produced by natural processes at high temperatures both in terms of internal texture and chemical 
composition. Specifically, no fine or distinct layering has been identified in microtektites, cosmic spherules, 
achneliths, or fulgurite droplets. Similarly, the chemical composition of spherical particles created by natural 
processes at high temperatures differs from the silica spherules studied here. While there are microtektites with 
silica content comparable to the spherules analysed in our study (up to ~80 wt%), these are nearly water‑free, with 
the remaining 20 wt% composed of other major oxides.

Furthermore, the external surface of the examined spherules is nearly perfectly smooth or may display small 
cracks and indentations, unlike other particles generated by natural phenomena at high temperatures, where 
external surfaces often exhibit protrusions, corrosion, and various types of impact pits. In this context, the silica 
spherules studied in this work and those found in the Ross and Weddell Seas sharing similar characteristics, cannot 
be associated with microtektites as suggested by Gerard‑Little et al. [2006].
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5.2 Hypothesis for the mechanism of formation of silica spherules

As mentioned above, the results indicate that spherules are not specific to particular sediment facies and are 
found in sediment sequences primarily representing sedimentation during interglacial periods characterised by 
open‑sea conditions or limited sea ice coverage.

Based on the age constraints established for the analysed cores and those documented in existing literature, it is 
evident that spherules did not form continuously over time but rather during distinct intervals. Spherules occur at: 
1) between 39.2 and approximately 34.57 ka; 2) between ~34.57 and 33.05‑33.96 ka; 3) between ~25.4 and 21.2 ka; 
4) slightly younger than 15.45‑15.84 ka and 5) between 11.15 and 7.3 ka BP. The most recent sediments containing 
spherules are around 7.3 ka old.

The texture (both internal and external) and composition of the silica spherules analysed in this study suggest 
an origin not related to high‑temperature natural processes. Conversely, several low‑temperature natural processes 
could lead to the formation of spherules, including chemical, physical or biological mechanisms. Additionally, due to 
their layered structure, the occurrence of these spherules may be linked to cyclical processes of silica precipitation, 
as also proposed for layered granules in modern marine and terrestrial environments. A similar hypothesis was 
put forward in an early, purely descriptive study by Weiterman and Russell [1986], suggesting that silica spherules 
found in Ross Sea sediments could form through a cyclical chemical process. However, these authors did not 
specify the conditions under which these particles could form or the dynamics of their formation. In subsequent 
work, Perry [1999] speculated that spherules form through the inorganic precipitation of silica when silica‑rich 
freshwater, resulting from ice melting, mixes with ocean waters. Perry dismissed the idea that spherules formed 
during regional‑scale melting events associated with ice shelf retreat, as she found spherules only in areas of the 
Ross Sea and Weddell Sea where sea ice is seasonal. She proposed that the spherules formed when melting seasonal 
sea ice causes fresh water to mix with ocean water.

Several authors have suggested that the inorganic precipitation of silica on a large scale is responsible for 
the formation of cherts and iron‑banded deposits during Archean times [Maliva et al., 2005; Posth et al., 2008]. 
Stefurak et al.  [2015] propose that sand‑sized silica granules forming Archean cherts may have formed through 
multistage aggregation of silica in systems with near‑neutral to moderately alkaline pH and high concentrations of 
dissolved silica, triggered by rapid variation of silica concentration and salinity. Similarly, in modern environments, 
inorganic precipitation of silica occurs with significant fluctuation in pH. For instance, Jones et al. [1967] argued 
that silica‑rich, high‑pH (>10) brine forms when water reacts with silicates in closed basins and volcanic terrains, 
leading to the inorganic precipitation of large amounts of silica upon dilution with less alkaline waters. It is 
worth mentioning that, normally, secondary phases like silica nucleate on existing grains and grow as cement 
because the kinetic barrier is lower [Benning and Waychunas, 2007 and references therein]. In this case, spherules 
are forming without an obvious nucleation point. In this context, it cannot be ruled out that silica precipitation 
may have been facilitated by microbial activity capable of overcoming kinetic barriers and promoting mineral 
precipitation [Furukawa and O’Reilly, 2007], especially in conditions of high silica concentration and elevated pH 
values [Orange et al., 2009].

On these bases, we propose the hypothesis that spherules could form when variations in the physical and 
chemical properties (such as pH, temperature, salinity, etc.) of seawater are induced (Fig. 4). If spherules were to 
form through the inorganic precipitation of silica when silica‑rich freshwater, resulting from seasonal ice melting, 
mixes with ocean waters as suggested by Perry [1999], we would expect to find spherules consistently throughout 
sediment sequences up to modern times. However, as indicated by our research, this did not occur, and spherules 
are constrained within specific time intervals, with the most recent dating back to around 7.3 thousand years Before 
Present (BP).

In the Ross Sea, the primary processes that could have triggered variations in the physical and chemical properties 
of seawater, thereby influencing the construction of spherules, include: 1) changes in bottom circulation, such as 
alterations in the efficiency of High Salinity Shelf Waters (HSSW) formation and the intrusion of Circumpolar Deep 
Waters (CDW) onto the continental shelf, or 2) changes in ice coverage and the melting of ice masses with the 
consequent contribution of amorphous silica‑rich sediment trapped in the basal ice.

Two distinct time intervals characterised by increased nutrient supply and indicative of enhanced upper CDW 
upwelling were identified near Cape Adare, approximately around 15‑10 ka and 7.5‑6 ka [Langone et al.,  2010]. 
However, these periods do not appear to be directly associated with any spherule formation events, with the last 
known occurrence falling between 11.15 and 7.30 ka BP, just between these two intervals.
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The most recent period of spherule formation aligns closely with the last retreat of the grounding line in the 
western Ross Sea, which occurred between approximately 11 and 6 ka [Domack et al., 1999], significantly contributing 
to meltwater pulse 1B [Fairbanks, 1989; Liu and Milliman, 2004; Peltier and Fairbanks, 2006; Deschamps et al., 2012]. 
Furthermore, the second youngest period of spherule formation, dated younger than 15.45‑15.84 ka BP, is not too far 
from the age of meltwater pulse 1A around ~14.3‑14.0 ka BP [Liu and Milliman, 2004], which was notably intense 
in this region of Antarctica [Clarke et al., 1996].

Moreover, the absence of silica spherules in sediments younger than 7.30 ka BP, corresponding to the time when 
the Ross Ice Shelf reached its present‑day position near Ross Island, strengthens the hypothesis that large‑scale ice 
melting events may be responsible for silica spherule precipitation. Variations in parameters such as salinity, pH, 
and silica saturation during the mixing of seawater with extensive meltwater masses, potentially influenced by the 
presence of bacteria [Davaud and Girardclos, 2001], together with the release of substantial amounts of silicate‑rich 
sediment, may have created ideal conditions for spherule formation. A significant amount of silica could have been 
supplied through the chemical alteration of silicate minerals from bedrocks and aeolian dust trapped in the ice and 
later released into seawater during periods of heightened meltwater production [Stumpf et al., 2012 and references 
therein].

The spherical shape and thin, concentric layering of spherules may result from the cyclical precipitation of silica 
during particle movement within a relatively turbulent hydrodynamic regime. Such regimes could occur in vortices 
or turbulent eddies during turbulent mixing of seawater with freshwater, as well as in strong bottom currents greater 
than 1 m/s [Budillon et al., 2011], like those observed in the Drygalski Trough (Fig. 4).

Before the last deglaciation, correlating spherule occurrence with meltwater pulses is more challenging due to 
age biases present in both sediment records and meltwater pulse chronology. Nevertheless, a rough correlation 
exists between periods of spherule formation and sea‑level rises induced by meltwater pulses, as reconstructed 
from dating Pacific reef terraces by various researchers [Chappell et al., 1996; Blanchon, 2011].

Figure 4. �Schematic representation of how the spherules may form due to strong changes in parameters such as salinity, 

pH and silica saturation during the mixing of seawater with meltwater.
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6. Conclusive remarks

We have described distinct silica spherules found in glaciomarine sediments from the Ross Sea, which closely 
resemble those previously identified in various cores from the Ross and Weddell Seas. These spherules are present in 
sediments deposited during open‑sea conditions or with limited sea ice coverage. The conditions that led to spherule 
formation recurred approximately every 5‑10 thousand years, in a period between around 39.2 to 7.3 thousand years 
ago. The two most recent sediment intervals containing spherules are dated to <15.84  thousand years ago and 
11.15‑7.30 thousand years ago, aligning with the timing of meltwater pulses 1A and 1B in the West Antarctic Ice Sheet.

Through sedimentological, textural, and chemical analysis of the spherules, along with a review of literature data 
and radiocarbon dating of sediments, we have developed a general hypothesis regarding the possible mechanism 
of formation of these silica spherules. We suggest that the spherules originated from the precipitation of inorganic 
silica during significant discharges of silica‑rich freshwater into the ocean, likely triggered by extensive ice melting 
events possibly that occurred during climatic fluctuations in Antarctica. This process is not believed to be associated 
with seasonal sea ice melting, as previously suggested by Perry [1999].

Further investigations of Antarctic marine sediment records focusing on identifying and dating spherules 
could enhance their regional correlation, potentially serving as a proxy for substantial production and discharge of 
meltwater into the ocean. Combining this proxy with other independent global and local climatic indicators could 
enhance our understanding of past ice sheet dynamics.
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