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ABSTRACT
An ostracod assemblage from the Late Ordovician (Katian) Phu Ngu Formation of northern Vietnam, South China paleoplate, 
yields typical Baltic and Laurentian-affinity genera together with some endemic forms. Detailed paleontological and sedimen-
tary analysis of the Phu Ngu Formation suggests it was deposited in a deeper marine forearc setting, below storm wave base, but 
with (at least intermittently) oxygenated sea-bottom conditions. Taphonomic assessment of the ostracod assemblage suggests it 
is in situ. The occurrence of globally widespread ostracod genera, including those from paleocontinents that were geographically 
remote from South China, is difficult to reconcile with the assumed limited dispersal capability of ostracods in shallow-shelf 
settings—a characteristic that has often been used to refine Ordovician paleogeographical reconstructions. Here, we present the 
novel approach of using paleoclimate reconstructions to assess the environmental distributions of Paleozoic ostracod genera. We 
show that the deep-marine depositional setting of our documented assemblage, together with general circulation model simula-
tions of Ordovician ocean-temperatures, suggests an early radiation of benthic ostracods into the deeper, colder, and thermally 
uniform ocean below the thermocline. The presence of a globally-distributed psychrospheric (cool and deep marine) ostracod 
fauna would imply that our understanding of Ordovician ostracod dispersal is incomplete, and future paleobiogeographical stud-
ies should try to decouple the signal of shallow-shelf benthic taxa, often endemic and probably limited by sea temperature, from 
those that are more cosmopolitan and tolerant of cooler, deeper waters.

1   |   Introduction

Detecting the existence of deep ocean benthic assemblages 
in the early Paleozoic is often limited by an absence of 

preserved deep ocean sediments and their contained fossil biota. 
Nevertheless, the distributions of some benthic marine taxa 
suggest there must have been deep ocean connections between 
distant paleocontinents, including trilobites (e.g., Ebbestad and 
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Fortey  2019; Stocker et  al.  2019) and brachiopods (e.g., Cocks 
and Torsvik  2021). Here, we use the global distribution pat-
terns of Ordovician ostracods, coupled with evidence of a cold 
water-adapted tropical assemblage from northern Vietnam and 
climate simulations of Ordovician oceanography to infer the 
presence of a deep water, psychrospheric ostracod fauna in the 
early Paleozoic.

Modern ostracods inhabit a wide range of aquatic environ-
ments, but the earliest ostracods are generally considered more 
restricted in their ecologies. Ostracods of the Subclass Podocopa 
were widespread in marine shelf environments by the Early 
Ordovician (Tremadocian; Salas and Vaccari  2012; Williams 
et al. 2008). Like all modern podocopes, Ordovician represen-
tatives of the Podocopa (e.g., palaeocopids, binodicopids and 
leiocopids) are assumed to have been benthic, lacking a pelagic 
larval stage. It is only within the Subclass Myodocopa, which 
originated as benthic ostracods in the Late Ordovician (Gabbott 
et  al.  2003; Siveter et  al.  2014), that the pelagic mode of life 
evolved by the late Silurian (Perrier, Vannier, and Siveter 2011; 
Siveter et  al.  2010; Siveter, Vannier, and Palmer  1991). All 
Ordovician ostracods are thought to have exclusively inhabited 
marine environments, including shelf settings (e.g., Mohibullah 
et  al.  2012; Vannier, Siveter, and Schallreuter  1989) and more 
proximal settings with variable salinity (e.g., Williams and 
Siveter 1996). It is not until the late Silurian (Pridoli) that they 
are known to colonize estuaries (McGairy et al. 2021), and only 
by the Carboniferous are they recorded from freshwater settings 
(Bennett 2008; Bennett et al. 2012).

The apparent restriction of Ordovician podocope ostracods to 
marine shelf environments has enabled the taxonomic simi-
larities and differences of fossil ostracod faunas to be used to 
test reconstructions of plate-tectonic evolution. For example, 
similarities in faunas from the Ordovician of North America 
and western Europe have been used to suggest the narrow-
ing of the Iapetus Ocean during the Late Ordovician and the 
movement of the Baltica and Avalonia paleocontinents into 
the paleo-tropics (Schallreuter and Siveter  1985; Williams 
et  al.  2003b). Other studies have used early Paleozoic ostra-
cods to examine the development of the Rheic Ocean (Vannier, 
Siveter, and Schallreuter  1989); to indicate marine paleodepth 
(e.g., Siveter  1984); and to explore regional patterns of paleo-
environment (e.g., Ainsaar and Meidla  2001; Jaanusson  1976; 
Mohibullah et al. 2012).

Here, we describe new material from the Upper Ordovician 
Phu Ngu Formation of northern Vietnam. We report a mixed 
podocope ostracod assemblage of genera that are endemic to the 
South China paleoplate alongside those that are more cosmo-
politan, including from paleocontinents such as Laurentia and 
Baltica that were geographically remote from South China in 
the Ordovician (Cocks and Torsvik 2021). The prevalence of cos-
mopolitan genera, combined with their large geographical dis-
tribution ranging from low to polar latitudes and their presence 
in overall deep-water sedimentary facies, raises questions about 
the patterns of migration of Ordovician ostracods and whether 
the distribution of these faunas may represent evidence for a 
paleopsychrospheric community. Today, the psychrosphere rep-
resents water masses below the thermocline with temperatures 
< 10°C, with depths ranging from 700 m to as shallow as 100 m 

in regions where there is strong upwelling (Bruun 1957). By im-
plication, equivalent water masses can be expected to have been 
present in the geological past, dependent on the climate state. 
The presence of a deep-marine, psychrospheric benthic ostracod 
fauna in the Ordovician could challenge the biogeographical 
utility of some ostracods by implying an incomplete understand-
ing of their dispersal mechanisms.

A psychrospheric ostracod fauna evolved several times through 
the Phanerozoic (Crasquin and Horne  2018); the modern psy-
chrospheric ostracod fauna was established in the Cenozoic 
(Benson  1988) and today ostracods are known to inhabit psy-
chrospheric waters from the depth of the thermocline to the deep 
abyssal oceans (Brandão et al. 2019; Brandt et al. 2019; Jellinek, 
Swanson, and Mazzini 2006). In the Paleozoic, a distinct ostracod 
fauna comprising several taxa with prominent spines and thin 
shells known as the Thuringian Ecotype or Mega-assemblage 
(Bandel and Becker 1975; Zagora 1968) has previously been sug-
gested to represent a paleopsychrospheric fauna (Kozur  1972, 
1991), though some authors instead view it as more generally 
representative of low-energy environments (Becker 2000; Becker 
and Bless 1990; Becker, Clausen, and Leuteritz 1993). Crasquin 
and Horne  (2018) identified a Devonian psychrospheric os-
tracod fauna and suggested that the long-term survival of the 
Thuringian Mega-assemblage (Late Ordovician—Middle Triassic; 
Becker  1982) could be attributed to the paleopsychrosphere 
providing a place of refuge during the Late Devonian and end-
Permian mass-extinction events (see also Benson 1988).

To test whether the Phu Ngu ostracod assemblage represents 
a cold water-adapted fauna in the tropics, that is, living within 
thermocline depths, we examine the sedimentological and pa-
leoenvironmental setting of these ostracods and attempt to de-
termine their taphonomy and taxonomic relationships. We use 
evidence from the Phu Ngu ostracod assemblage, coupled with 
a global analysis of Ordovician ostracod faunal distribution, and 
climate simulations for the state of the oceans, to test for a signal 
of a psychrosphere in the early Paleozoic. We also consider how 
different oceanographic factors may have influenced the distri-
bution of ostracods.

2   |   Geological Setting

Northern Vietnam was part of the South China paleoplate 
during the early Paleozoic (Figure  1; Cocks and Torsvik  2013; 
Isozaki  2019). Within northern Vietnam, three geotectonic 
zones are defined, each displaying its own lower Paleozoic litho-
stratigraphical signature (Tong et al. 2013). The ostracod mate-
rial described here is from the East Bac Bo Zone, which is bound 
to the south and west by the West Bac Bo Zone (separated by the 
Song Chay Fault), and to the east by the Quang Ninh Zone (Tong 
et  al.  2013). The Upper Ordovician Phu Ngu Formation crops 
out regionally in the East Bac Bo Zone and comprises predomi-
nantly siliciclastics, approximately 2.3 km to 2.4 km thick at the 
type section (Tong and Vu 2011). The Phu Ngu Formation was 
deposited in a deeper marine island arc setting on the slope of 
the Paleo-Tethys Ocean during the Late Ordovician and Silurian 
(Tong et al. 2013; Tong and Vu 2011). The formation crops out in 
the Na Ri District in exposures of gray, greenish-gray, and beige 
mudstones and sandy mudstones, interbedded with infrequent 
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FIGURE 1    |    Study area location and paleogeographic context. (A) Map of Vietnam (gray shading), showing Bac Kan Province and the Na Ri 
District (star); (B) Bac Kan Province (gray shading) with Na Ri District highlighted (star); (C) map with locality and exposure; (D) road cutting of 
the Phu Ngu Formation; (E) close-up of the exposure of the Phu Ngu Formation in the Na Ri District. Arrow points to bentonite bed, directly below 
which are sample bags on horizon NRe; and (F) global paleogeographic reconstruction for the Katian (Late Ordovician) showing the position of the 
Phu Ngu Formation on the South China paleoplate, Lambert azimuthal equal-area projection, centered on the South Pole.
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volcanic ash layers (Figure 1D,E), with a suggested thickness of 
~250 m in this area (Tong et al. 2013; Tong and Vu 2011).

The macrofossils found with the ostracods are conulariids, or-
thocones, brachiopods, graptolites, and trilobites (Wong Hearing 
et al. 2021b). These are sparsely distributed through the succes-
sion. Previous work on the Phu Ngu Formation identified the 
early Katian Dicranograptus clingani graptolite Biozone (Wong 
Hearing et al. 2021b), from taxa at different horizons including 
Normalograptus daviesi and Dicellograptus flexuosus. Other grap-
tolites from the Phu Ngu Formation in this area include species 
of Climacograptus, Orthograptus, and the dendroid Dictyonema, 
though the latter is not from the ostracod-bearing horizons (Wong 
Hearing et al. 2021b). Regionally, the Phu Ngu Formation yields 
graptolites of Late Ordovician (Katian and Hirnantian ages) 
and early Silurian age (Nguyen 2002; Tong et al. 2013; Tong and 
Vu 2011; Wong Hearing et al. 2021b).

Wong Hearing et  al.  (2021b) interpret the mixed graptolite and 
shelly assemblage in their “Locality 2” as being deposited in a 
marine shelf setting, due to the presence of palaeocopid ostracods 
(cf. Vannier, Siveter, and Schallreuter 1989; Williams et al. 2003b). 
The graptolite fauna including Dicellograptus suggests oceanic in-
fluence (e.g., see Williams et al. 2003a), and corroborates a deep 
marine shelf or slope setting. The sedimentological and geotectonic 
setting of the Phu Ngu Formation in Na Ri resembles that of the 
Late Ordovician succession in the Girvan area, southern Scotland, 
where mixed graptolite and ostracod assemblages are known from 
a fore arc setting on the paleocontinental margins of Laurentia 
(Floyd, Williams, and Rushton 1999; Mohibullah et al. 2011).

3   |   Materials and Methods

3.1   |   Fieldwork

Material was collected over two field seasons in northern Vietnam 
during autumn 2018 and 2022. The fossils were recovered from a 
roadside exposure near Na Dam (Figure 1), close to the “Nazam” 
Section 25 of Nguyen (2002), in the Na Ri District. In 2018, two 
localities were sampled and described for their graptolites by Wong 
Hearing et  al.  (2021b). Subsequently, the construction of a new 
road section resulted in the 2018 localities being buried beneath 
road fill. However, a new road cutting identified in October 2022 
exposes a comparable and along-strike succession (Figure 1D,E), 
with stratigraphic equivalence supported by graptolite biostratig-
raphy. Material from both sections is examined here. In total, 10 
horizons were sampled from the 2022 road cutting (Figure 2), with 
more than 60 slabs yielding over 700 ostracod specimens, of which 
around 90 are identifiable at species-level. An additional 25 iden-
tifiable ostracod specimens are included from the 2018 material, 
from “Locality 2” of Wong Hearing et al. (2021b).

3.2   |   Laboratory Analysis

The ostracod-bearing strata comprise fossiliferous beige-colored 
sandy mudstones and siltstones. The deposits were examined both 
in hand specimen and thin section. The ostracods are predomi-
nantly preserved as either external or internal molds (Figure 3), 
although rare, decalcified valves are found. Most specimens are 

complete but disarticulated, with only occasional fragmentation. 
Ostracod specimens are distributed sporadically throughout the 
formation, with occasional shell lag concentrations of both os-
tracod and associated macro-faunal fragments. Thin sections 

FIGURE 2    |    Stratigraphic log of the west limb of the anticline acces-
sible in the Na Ri district section of the Phu Ngu Formation (top) and ta-
ble showing the distribution of fauna and ostracod taxa recovered from 
the horizons of the east limb (bottom).

Silt
San

d

Con
glo

mera
te

Clay

1

0 m

2

3

4

5

6

7

8

9

10

11

12

13

16

14

15

Fault

Possible fault

Orange 
siltstone

Orange 
siltstone

Mudstone

Mudstone

Antiform 
hinge

Bentonite layer

Bentonite layer
NRe

NRd

NRc

NRb

NRa

West limb

Ordovizona

Baltonotella

Laterophores

Kinnekullea

Steusloffina?

Collibolbina

Brachiopod

Trilobite

Ostracod

Graptolite

Fauna

Ostracods

Aechminid

Horizon
NRz

NRyb

NRy

NRx

NRw

Fauna Ostracods

East limb

 14401738, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/iar.70001 by A

lexandre Pohl - C
ochrane France , W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 29

were examined using petrographic microscopy under both trans-
mitted and reflected light (Figure 4).

“Silcoset 101” was used to make silicone casts of the exter-
nal molds, which were then sputter-coated with gold and imaged 
using a Hitachi S-3600N environmental scanning electron micro-
scope (SEM) at the University of Leicester. Specimens were con-
solidated using a solution of 1% “Paraloid B72” in acetone before 
casting. When casting, specimens with spines or fine ornamen-
tation were left to set in a pressure chamber at 2-bar overnight to 

prevent bubbles forming in the silicone casts. Specimens figured 
here are curated in the collection of the National Museum of 
Nature, Hanoi (prefix VNMN).

3.3   |   Data Compilation

To examine the broader chronological (Figure 5), paleoenviron-
mental and paleobiogeographical significance of the ostracod 
fauna in the Phu Ngu Formation, data have been compiled for 

FIGURE 3    |    Ostracods of the Phu Ngu Formation, all presented as scanning electron micrograph stereopairs from silicone rubber casts of ex-
ternal molds; all scale bars 200 μm. (A) Kinnekullea gaia Wong Hearing et al. 2021b (VNMN.0190c part); (B) Laterophores sp. A (=Laterophores 
sp. of Wong Hearing et  al.  2021b; VNMN.0182L part); (C) Ordovizona sp. (=Ordovizona? sp. of Wong Hearing et  al.  2021b; VNMN.0167b); (D) 
Aechminid sp. (VNMN-P-6208L); (E) Laterophores sp. B (VNMN-P-6197a); (F) Steusloffina? sp. cf. Zhang (2023; VNMN-P-6184d); (G) Baltonotella 
sp. (VNMN.0164d); (H) Collibolbina sp. (VNMN-P-6188b); and (I) Collibolbina sp. (VNMN-P-6191a).
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the global distribution of species of Kinnekullea, Laterophores, 
Baltonotella, Collibolbina and Ordovizona (Table 1, and Table S1), 
all of which are genera that are known from geographically dis-
tant Ordovician paleocontinents relative to South China, such 
as Baltica and Laurentia. Data were compiled from multiple 
published sources and occasionally from unpublished theses 
(Orr 1987; Williams 1990). These include species identification, 
lithostratigraphical and chronostratigraphical context, paleoge-
ography including calculated paleo-coordinates, and paleoen-
vironmental context including an assessment of marine water 
depth. Where the marine depth is not explicitly discussed in a 
paper, this is inferred from sedimentological and paleoenviron-
mental interpretations (see Table S1).

3.4   |   Paleogeographic Analysis

Paleobiogeographic reconstructions of the Ordovician were pro-
duced following the paleogeographic reconstructions of Marcilly 
et al. (2021), which, in turn, are based on the plate reconstructions 
of Torsvik and Cocks (2016). Marcilly et al. (2021) inferred the ex-
tent of exposed land from a combination of lithofacies and paleo-
climatic reconstructions at 10 Myr intervals. A hypsometric slope 
is not calculated for each continent separately (Marcilly, Torsvik, 

and Conrad 2022), so variations in the steepness of marine shelves 
are not considered in this model. As the temporal uncertainty for 
each map is ±5 Myrs (Marcilly et al. 2022, 2021), the most appro-
priate 10 Myr interval map was used for each chronostratigraphic 
age represented in this study: 460 Myr for the Darriwilian, 450 Myr 
for the Sandbian and the Katian, and 440 Myr for the Hirnantian. 
Ostracod paleobiogeographic maps were reconstructed for each 
chronostratigraphic stage by paleo-rotating the locations of fossil 
ostracod occurrences using GPlates through the Python module 
GPlately (Table S1; Mather et al. 2024). The age ranges of each 
fossil ostracod species are rounded to the nearest 1 Myr. For each 
stage, the ostracod data displayed are those occurrences whose 
ranges started either before or during the stage and ended either 
after or during it.

3.5   |   Paleoclimate Reconstructions

To assess the paleoclimate regime relevant to the ostracod distri-
butional patterns, we used climatic simulations conducted using 
the general circulation model (GCM) FOAM (Jacob  1997), a 
mixed-resolution ocean–atmosphere GCM. Pertinent to our study, 
FOAM has a three-dimensional ocean component comprising 
24 unevenly spaced depth levels (Jacob  1997), allowing vertical 

FIGURE 4    |    Thin sections of the Phu Ngu Formation deposits. (A) is reflected light, (B–F) are plane-polarized light. (A, E) Sedimentary texture, 
including a lens of pyrite framboids in (A); (B, D) agglutinating benthic foraminifera, (B) is the same field of view as (A); (C) ostracod valves; and (F) 
fragment of shell (possibly ostracod) associated with pyrite framboids.
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FIGURE 5    |    Stratigraphic ranges of all species of the cosmopolitan genera of the Phu Ngu Formation. Initials indicate the paleocontinent each 
species was found on; Ba = Baltica; Av = Avalonia; Ar = Armorica; SC = South China; OK = Orphan Knoll (Laurentia); Al = Alborz; Si = Siberia; AC 
= Argentine Precordillera; L = Laurentia; G = Gondwana; PG = Peri-Gondwana; (Pe) = Perunica; (Hi) = Himalaya terrane; (Ya) = Yangtze Platform 
(South China paleoplate). For full references, see the main reference list. Ages on timescale are after Cohen et al. (2013).
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resolution of ocean heat distribution. FOAM has a fast turnaround 
time, allowing for a range of boundary conditions to be simulated 
on reasonable real-world timescales, making this GCM well-suited 
to deep-time paleoclimate work (e.g., Maffre et  al.  2022; Wong 
Hearing et al. 2021a), including in the Ordovician (e.g., Ontiveros 
et al. 2023; Pohl et al. 2014; Saupe et al. 2020).

For our chosen time intervals of interest, we selected simulations 
providing the best match with data-derived ocean temperature 
and ice-sheet extent estimates. Most of these simulations were pre-
viously published by Ontiveros et al. (2023) and Ontiveros (2023). 
We ran an additional simulation for 440 Ma using the same setup 
but a lower atmospheric CO2 concentration to best capture the cli-
matic conditions of the Hirnantian glacial maximum (Pohl 2024). 
The atmospheric pCO2 concentrations were imposed as follows: 
24 times preindustrial atmospheric level (PAL; 1 PAL = 280 ppm 
pCO2) for the Darriwilian, 12 PAL for the Sandbian, 8 PAL for 
the Katian and 3 PAL for the Hirnantian (following Ontiveros 
et al. 2023; Pohl et al. 2016a). As the simulations were produced 
using the same continental reconstructions as were used to paleo-
rotate the ostracod location data (Marcilly et al. 2022; Ontiveros 
et al. 2023), ostracod paleo-locations can be mapped onto plots of 
simulated ocean temperature data to explore distribution patterns 
with respect to ocean temperatures.

In our study, we use simulated mean annual ocean temperatures 
because there is no predominant annual ecology shared among 
modern ostracods, such as a common period of dormancy or a 
tendency to migrate to deeper waters in a common season. Some 
taxa are known to migrate from deeper subtidal to shallower 
littoral environments in winter, while others do the opposite 
(Hull 1997; Ruiz, González-Regalado, and Muñoz 1997). There is 
also variation in their reproductive cycles, with different species 
reproducing across all seasons and varying lifespans (Hull 1997).

The sedimentological context of our compiled ostracod occur-
rences testifies to contrasting paleo-water depths during the time 
of deposition, ranging from shallow shelf to deep shelf-slope set-
tings (Table S1). To best investigate the environmental conditions 
in which Ordovician ostracod assemblages lived, we account for 
these varying paleo-water depths by comparing our fossil occur-
rences from shallow shelf environments (above storm wave base, 
within the upper mixed part of the water column), to identify fau-
nas adapted to prevailing sea-surface temperatures, with deeper 
occurrences from offshore, mid to deeper shelf settings, and deep 
shelf-slope settings, to assess temperatures at lower levels in the 
water column where temperature would be expected to be much 
cooler. Fossil occurrences interpreted as representing intermedi-
ate depths (below storm wave base but relatively proximal shelf 
settings) are compared with temperatures simulated at both sea 
surface and mid-shelf depths.

4   |   Results

4.1   |   Ostracod Assemblage of the Phu Ngu 
Formation

Wong Hearing et al. (2021b) recognized at least three ostracod 
taxa in the Phu Ngu Formation: Kinnekullea gaia (Figure 3A), 
Laterophores sp. (Figure 3B, referred to herein as Laterophores 

sp. A, as we also identify a second Laterophores species, sp. B, 
Figure 3E) and tentatively Ordovizona sp. (Figure 3C). At least 
four additional taxa are recognized among material collected in 
2022, including Baltonotella sp. (Figure  3G), Steusloffina? sp. 
(Figure 3F), Collibolbina sp. (Figure 3H,I), and one taxon which 
belongs to the family Aechminidae (Figure 3D). Baltonotella has 
also been identified in the original material of Wong Hearing 
et al. (2021b).

The eight ostracod species recorded from the Phu Ngu Formation 
are endemic to the South China paleoplate. However, at genus-
level, the assemblage contains a mix of both endemic and cos-
mopolitan taxa. Of particular interest is the occurrence of the 
widespread genera Kinnekullea, Laterophores, Ordovizona, 
Collibolbina, and Baltonotella. The biostratigraphical ranges 
and paleogeographical context of species assigned to these gen-
era are summarized in detail later in the discussion.

A range of instars (juveniles) are recognized for several ostracod 
taxa (population structures demonstrated by length/height 
plots in Supporting Information Document S1), which, in com-
bination with a lack of size sorting, preferred valve orientation, 
or visible damage to valves, suggests the assemblage represents 
a thanatocoenosis (life assemblage; following Boomer, Horne, 
and Slipper  2003), with only minor post-mortem disturbance, 
possibly due to bioturbation. Low-energy currents along the 
seafloor may have produced the rare ostracod lag deposits. In 
contrast, Wong Hearing et al. (2021b) suggested that the fauna 
may have been transported from shelf to basin, but detailed sed-
imentological and population structure evidence was not avail-
able to those authors.

4.2   |   Sedimentology of the Phu Ngu Formation

Thin sections taken from three horizons collected in 2022 re-
veal a poorly sorted siltstone, with detrital quartz silt grains 
alongside shelly fragments in a mud matrix (Figure 4C). The 
thin sections reveal a mottled texture, which in places is ac-
centuated by a stylolite-like fabric (cf. Gabbott, Zalasiewicz, 
and Collins 2008; Powell 2003). Pyrite is irregularly dispersed 
through the sections, and large, dark lenses reveal pyrite fram-
boids 3–51 μm in diameter (Figure 4A). Framboids are found 
associated with a fragment of shell, possibly ostracod, on 
at least one occasion (Figure  4F). There are no sedimentary 
structures observed, either at macro-scale in the field or on a 
fine-scale in thin section, such as cross-lamination, or ripples, 
that would be suggestive of current action. There is no evidence 
for either reverse or normal grading of grain size, which in re-
peated sequence may have suggested frequent turbidity cur-
rent deposition. The deposits are predominantly composed of 
fine clay minerals, with slightly coarser silt-size quartz grains 
interspersed (Figure  4A,B,E). Any planar fabric that is pres-
ent is defined by dark lenses (Figure 4E), which are wavy and 
discontinuous, possibly representing flattened burrows, rather 
than depositional lamination.

Ostracod valves are dispersed throughout the sediment 
(Figure  4C), mostly disarticulated; all are decalcified. There 
is no preferred orientation to the valves. Additionally, lentic-
ular structures composed of well-sorted fine quartz grains 
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and clay minerals, bound by a cryptocrystalline silica ce-
ment (Figure 4B,D), reminiscent of structures found in Upper 
Ordovician and Silurian (and later) black shales and claystones, 
are interpreted to be agglutinating benthic foraminifera (e.g., 
Milliken et  al.  2007; Schieber  2009; Trela  2016). The mottled 
texture, along with simple burrow traces observed in the field, 
indicates that on a fine scale, bioturbation has likely overprinted 
primary sedimentary structures. However, bedding planes vis-
ible in the field suggest this bioturbation was either not deeply-
penetrating, or the sedimentation rate was too high for the 
larger-scale sedimentary structures to be lost.

4.3   |   Temporal, Geographical, and Environmental 
Considerations of the Ostracods

Here, we summarize the temporal, paleoenvironmental, and pa-
leogeographical distribution of all species assigned to those gen-
era in the Phu Ngu Formation that are cosmopolitan (Table 1; 
Table S1).

The earliest reported Kinnekullea is in the Late Ordovician of 
Armorica (Vannier 1986). The genus ranges from the Sandbian 
to the Hirnantian, some ~14 Myr (Figure 5). Most Kinnekullea 
species are known from Baltica (e.g., Floyd, Williams, and 
Rushton 1999; Sidaravičiene 1992; Vannier 1986; Vannier, Siveter, 
and Schallreuter  1989), except, K. morzadeci, from Armorica 
(Vannier 1986), K. comma from Avalonia and Laurentia (Floyd, 
Williams, and Rushton 1999; Williams et al. 2000, 2001), and K. 
gaia from South China (Wong Hearing et al. 2021b). Kinnekullea 
species occur in carbonate and clastic settings and span tropical 
to high paleolatitudes (Table 1).

The earliest Laterophores is from the Darriwilian of Baltica 
and Avalonia (Figure  5); species of the genus persist to the 
Hirnantian, ~23 Myr later (Figure 5). Although predominantly 
known from Baltica (e.g., Gailite 1971; Schallreuter 1968, 1972, 
1986; Schallreuter and Hinz-Schallreuter 2011; Vannier, Siveter, 
and Schallreuter  1989), Laterophores species are also reported 
from Avalonia (Jones 1987), Armorica (Vannier 1986) and the 
South China paleoplate (Wong Hearing et al. 2021b). Species of 
Laterophores occur from tropical to high (> 60°S) paleolatitudes 
and in clastic and carbonate deposits.

Ordovizona is a geographically and chronologically widespread 
genus (Figure 5), possibly ranging from the Darriwilian (Middle 
Ordovician) to the early Silurian, spanning ~30 Myr. Species are 
known from the Argentine Precordillera (unnamed species of 
Salas 2003), Peri-Gondwana (Ghobadi Pour et al. 2006), Siberia 
(Melnikova  2000), Baltica (Schallreuter  1969, 1983), and the 
South China paleoplate (Wong Hearing et al. 2021b). Ordovizona 
species are found in clastic and carbonate lithologies from equa-
torial to mid-paleolatitudes (< 45°S).

The distinction between the genera Baltonotella and Brevidorsa 
remains controversial (Schallreuter and Hinz-Schallreuter 2010a; 
Sidaravičiene  1992). Here, Brevidorsa is regarded as a syn-
onym of Baltonotella, following Meidla  (1996), as they are dif-
ficult to distinguish (Zhang  2023). It is a long-ranging genus 
(Figure  5), from the Middle Ordovician (Dapingian, possibly 
earlier) to the late Silurian (Pridoli), some ~50 Myr. Baltonotella 

species are predominantly known from Laurentia and Baltica 
(e.g., Gatovsky and Vilesov  2022; Harris  1957; Hessland  1949; 
Meidla  1996, 2014; Melnikova  2000, 2019; Mohibullah, 
Williams, and Zalasiewicz  2014; Olempska  1994; Rinkevičiūtė 
et  al.  2022; Sarv  1959; Schallreuter  1997, 2000; Schallreuter 
and Hinz-Schallreuter  2011; Sidaravičiene  1992; Williams 
and Vannier  1995). Species also occur in Peri-Gondwana (e.g., 
Lajblova and Kraft 2018; Sun 1988; Wang 2015), the Argentine 
Precordillera (Salas  2003), Siberia (Gonta  2020), Avalonia 
(Williams et  al.  2001) and the South China paleoplate (herein; 
Sun  1988; Zhang, Yuan, and Feng  2018). Baltonotella species 
occur in clastic and carbonate lithofacies from tropical to high 
(~60°S) paleolatitudes.

Collibolbina ranges from the Middle (Dapingian) to the 
Late Ordovician (Katian), spanning ~20 Myr (Figure  5), 
and is predominantly known from Baltica (Hessland  1949; 
Ivantsov and Melnikova  1998, 2003; Krause  1892; Meidla and 
Tinn  2005; Neckaja  1953; Olempska  1994; Schallreuter  1964, 
1969, 1987, 1994; Schallreuter and Hinz-Schallreuter  2013; 
Sidaravičiene 1992). Baltic species range from the Dapingian to 
the Katian. Late Ordovician Collibolbina species are also known 
from Siberia (Abushik and Evdokimova 1999; Gonta 2020; Gonta 
and Kanygin 2018; Ivanova and Melnikova 1977). The Phu Ngu 
Formation hosts the first Collibolbina outside Baltica or Siberia. 
Collibolbina is predominantly found in carbonate deposits, but 
is also reported from siliciclastic rocks, including the Phu Ngu 
Formation. It spans equatorial/tropical paleolatitudes in the Late 
Ordovician of Siberia, South China, and Baltica, and midlatitudes 
(~40°S) of Baltica in the Middle Ordovician.

The remaining ostracod genera of the Phu Ngu Formation ap-
pear endemic to South China. Of these, the possible metacopid 
Steusloffina? sp. is the only species described from elsewhere 
on the South China paleoplate, in the Huadan Formation 
(Zhang  2023), Yunnan Province, and the Pagoda Formation 
(Zhang, Yuan, and Feng  2018), Hubei Province, China. The 
genus cannot be properly diagnosed without assessing the 
hinge and valve overlap characteristics, which are not observed 
in the Chinese or Vietnamese specimens. An undescribed new 
genus from the Phu Ngu Formation (Figure 3D) belongs to the 
family Aechminidae, which also suggests a Baltic (Tinn and 
Meidla 2004) and Laurentian (Williams et al. 2003b) affinity.

Aside from Steusloffina? sp., the Phu Ngu assemblage has 
no species-level similarity with the Pagoda Formation of 
Hubei Province (Zhang, Yuan, and Feng  2018) and the 
Huadan Formation of Yunnan Province (Zhang  2023), China. 
Nevertheless, those ostracod assemblages also include gen-
era with paleobiogeographical links to Baltica, including 
Uhakiella, Ahlintella, and Longiscula in the Huadan Formation 
(Zhang  2023). The Huadan Formation represents a mixed 
siliciclastic-carbonate succession deposited in a nearshore en-
vironment, with the ostracods mainly reported from the lime-
stones (Zhang 2023). The Pagoda Formation comprises nodular 
limestone deposited in a deep, quiet water setting, and has the 
genus Baltonotella in common with Baltica and Laurentia, as 
well as the Phu Ngu Formation (Zhang, Yuan, and Feng 2018). 
The Phu Ngu Formation differs from these formations in its si-
liciclastic lithology and paleo-arc setting. However, it may have 
formed at similar paleo-depths to the Pagoda Formation.
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4.4   |   Paleoclimatic Context of Fossil Data 
Occurrences

For each interval, we plotted the zonal average temperature-
depth profiles across all model grid cell latitudes to understand 
the simulated ocean thermal structure, including the depth 
range of any thermocline (Figure  6). The profiles show that 
for most latitudes and time periods the temperature begins to 
decrease from at least 200 m depth, and starts to homogenize 
between ~250 and 500 m at mid and high latitudes, and be-
tween 500 and 1000 m at low latitudes. For the Darriwilian, the 
temperature appears to stabilize at ~15°C, for the Sandbian and 
Katian at ~10°C, and ~0°C for the Hirnantian (Figure 6). Like 
today, Ordovician oceans were characterized by a thermocline 
separating a warm upper ocean typified by a strong vertical 
temperature gradient, and a deeper ocean that was thermally 
very uniform (Figure 6). Based on our general circulation model 
simulations, our deepest ostracod occurrences, documented 
below storm wave base in distal shelf to slope settings, would 
have been located below, or within, the Ordovician thermocline 
(see Table S1).

5   |   Discussion

Ostracods have traditionally been used as paleogeograph-
ical indicators for the Ordovician (e.g., Schallreuter and 
Siveter 1985), based on their supposedly limited dispersal ca-
pability. However, the cosmopolitan range of some of the gen-
era found in the Phu Ngu Formation raises questions about the 
patterns of migration of the ostracod species therein, notably 
whether some of these taxa represent evidence for species that 
had adapted to a psychrosphere and could therefore disperse 
more easily through the deep ocean. Below, we establish the 
paleoenvironmental setting of the Phu Ngu Formation, then 
test the possibility of a paleopsychrospheric ostracod fauna by 
considering a range of possible alternative explanations for the 
cosmopolitan range of its taxa, before considering a paleopsy-
chrospheric scenario in more detail using paleoclimatic and 
paleoceanographic reconstructions.

5.1   |   Paleoenvironmental Setting of the Phu Ngu 
Formation

The general absence of wave or ripple lamination in the Phu 
Ngu Formation, and the presence of a mixed pelagic and ben-
thic marine assemblage is suggestive of an offshore shelf or slope 
setting, below storm wave base, and consistent with the paleo-
arc setting (Tong et al. 2013; Tong and Vu 2011). Graptolites, in-
cluding Dicellograptus, suggest a setting with oceanic influences 
(e.g., Williams et al. 2003a). Similar mixed graptolite and shelly 
assemblages that include ostracods have been reported from a 
deep slope setting in the arc-related geotectonic setting of the 
Ordovician of the Girvan area, Scotland (e.g., Floyd, Williams, 
and Rushton  1999). Ash layers in the Phu Ngu Formation are 
consistent with an arc geotectonic setting for Vietnam during 
the early Paleozoic (Tong et  al.  2013; Tong and Vu  2011). The 
Phu Ngu Formation ostracod assemblage is dominated by binod-
icopids, which is consistent with the clastic lithology and a more 
offshore setting (Vannier, Siveter, and Schallreuter 1989).

Globally, repeated oxic-anoxic transitions through the 
Ordovician have been recorded, including records from Baltica 
and Laurentia (Page et  al.  2007). Sedimentological evidence 
suggests thermohaline circulation was active from at least the 
middle Katian (Armstrong and Coe 1997), which would have ox-
ygenated the deep oceans.

Zhang et al. (2022) assessed the redox conditions of intra-shelf 
basin and slope settings of the Yangtze Sea (South China paleop-
late) during the Ordovician. Enrichments of the redox-sensitive 
metals molybdenum and uranium, and highly reactive iron, in-
dicate the expansion of marine anoxia (and possibly euxinic con-
ditions) onto the Yangtze Platform slope during the Darriwilian, 
as well as around Baltica and Laurentia (Zhang et  al.  2022), 
through to the middle Katian (Zhang et al. 2011). However, py-
rite framboid size distributions and geochemical proxy records 
(including VEF, UEF, and Corg/P ratios) from the middle Yangtze 
region suggest mainly oxic to dysoxic conditions with only rare 
anoxic episodes and persistent euxinia not indicated until the 
middle Katian (Chang et al. 2021). The picture presented from 
redox-sensitive data is mixed, but likely includes some persistent 
intervals of dysoxia, anoxia, and potentially euxinia. The sedi-
mentological and paleontological evidence presented here sug-
gests there were some oxic intervals when conditions may have 
favored deeper-marine ostracod dispersal.

Sedimentological evidence suggests seabed anoxia was either 
localized or intermittent at the time of deposition of the Phu 
Ngu Formation. The often poorly defined lamination of the Phu 
Ngu Formation indicates bioturbation, which is consistent with 
an oxic seabed. The benthic faunal assemblage, including the 
ostracods and agglutinating foraminifera, also suggests at least 
partial oxygenation of the seabed (Schieber 2009).

5.2   |   Possible Dispersal Mechanisms 
of the Ostracods

Here, we consider hypotheses to explain the distribution of the 
cosmopolitan ostracod genera of the Phu Ngu Formation. First, 
we address the possibility that the genera represent examples 
of convergent evolution, and then we discuss the following hy-
potheses: dispersal of ostracods by surface ocean currents, dis-
persal via biological agents, pelagic dispersal, and dispersal by 
island hopping.

5.2.1   |   Homeomorphy

It is important to consider whether the taxonomic similarities 
between the Phu Ngu ostracod assemblage and those of Baltica 
and Laurentia are examples of convergent evolution between un-
related taxa. Each of the cosmopolitan genera found in the Phu 
Ngu Formation shares distinct features with other members of 
their assigned genus. Baltonotella sp. (Figure 3G) has the fimbri-
ate marginal structure seen in congeneric species. Laterophores 
sp. A and sp. B are diagnosed by the two nodes of the anterior 
lobe (Figure  3B,E). Kinnekullea gaia possesses the distinc-
tive “embryo-shaped” lobal surface (Figure  3A). Collibolbina 
sp. has distinctive lobal and velar morphology (Figure  3H,I). 
Ordovizona sp. has distinct reticulation in association with a 
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pit-like sulcus (Figure  3C). These traits, sometimes in combi-
nation, are interpreted as shared derived characters unique to 
each genus, making it unlikely the occurrences in the Phu Ngu 
Formation are due to convergence.

5.2.2   |   Passive Dispersal by Surface Ocean Currents

In some circumstances it may be possible for surface ocean 
circulation to transport benthic ostracods. A modern example 
is the Tsushima Warm Current, which transports shelf-living 
species from the East China Sea to the semi-enclosed marginal 
southwestern Sea of Japan (Tanaka  2008). Species are also 
transported from the South China Sea to the East China Sea by 
the warm Kuroshio Current (Zhao and Wang 1988). However, 
these modern examples consider transport over comparatively 
shorter distances (up to 2000 km) with respect to those being 

discussed here for the Ordovician, which are on the order of 
~7000 km, inferred from the relative positions of the Baltica and 
South China paleocontinents during the Ordovician (e.g., Cocks 
and Torsvik 2021). Dispersal on the scales we consider for the 
Ordovician can sporadically occur today, for example, transoce-
anic transport of ostracods may occur via debris from tsunamis, 
such as after the 2011 Great East Japan Earthquake (Tanaka, 
Yasuhara, and Carlton  2018). However, reliance on chance 
events like tsunamis is not a parsimonious explanation for the 
consistent, long-term distribution of Ordovician taxa observed.

Linguliform brachiopods from middle-late Katian deposits of 
Yunnan Province, China, including the ostracod-yielding Pagoda 
Formation (Zhang 2023), reveal a deep-water micro-brachiopod 
association with more similarities to Baltica and Avalonia than 
to the paleogeographically nearer Boshchekul Island Arc (Chen 
et al. 2022). This pattern resembles that seen for several ostracod 

FIGURE 6    |    Ocean temperature as a function of water depth in our climatic simulations representative of (A) Darriwilian, (B) Sandbian, (C) 
Katian, and (D) Hirnantian times. Three latitudinal bands are considered separately for the purpose of analyses: The low latitudes below 30°, the 
midlatitudes between 30° and 60°, and the high latitudes beyond the polar circle at 60°. Mean-annual, zonally-averaged temperatures are color-
coded as a function of latitude. Note the persistence of a thermocline in low and midlatitudes through the Middle and Late Ordovician. Data from 
Ontiveros (2023) and Pohl (2024).
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genera from the Phu Ngu Formation; for the brachiopods it has 
been suggested to be a result of possible oceanic circulation pat-
terns, as the Boshchekul Island Arc was in the northern hemi-
sphere during the Katian, while other paleocontinents lay south 
of the equator (Chen et al. 2022). The South Subpolar Current 
is thought to have brought cold water to almost equatorial lati-
tudes during the Katian, moving northwards along the western 
coast of Gondwana and around South China and the Yangtze 
Platform, lowering the temperatures of surface waters (Jin, 
Zhan, and Wu 2018; Popov and Cocks 2017). This current was 
possibly part of a larger gyre that also ran along the Avalonian 
and Baltican coasts (Pohl et al. 2016b); Chen et al. (2022) ascribe 
the paleobiogeographical pattern of the linguliforms to this oce-
anic circulation pattern.

Brachiopod dispersal may be favored by their pelagic larval 
stage; it is possible that currents could have influenced the 
distribution of ostracod taxa if some of those were pelagic or 
had a pelagic larval stage. Prevailing ocean circulation in the 
tropics is from east to west, so passive dispersal might have 
enabled migration from continents such as eastern Gondwana 
and South China westwards to Baltica and Laurentia. 
However, the ostracod dispersal directions appear either op-
posite to the pattern expected if reliant on surface ocean cur-
rents (e.g., Collibolbina originates on Baltica, and appears to 
migrate eastwards around the equator to Siberia and South 
China), or seemingly random, suggesting that dispersal by 
ocean currents is unlikely.

5.2.3   |   Pelagic Dispersal

No living podocopes are pelagic or have a pelagic larval stage 
(Horne  2003); nevertheless, it has been suggested that some 
fossil podocopes may have been. A functional analysis of some 
early Paleozoic leiocopid ostracods (e.g., Baltonotella) suggested 
they were poorly suited to be benthic crawlers, and instead 
may have lived in the water column (Vannier 1990). Other taxa 
have also been mooted as pelagic, based on their wide paleo-
geographical distribution, and unusual morphology, notably 
Aechmina (see Siveter  1984; Williams et  al.  2001). Aechmina 
species range in age from the Ordovician to Carboniferous. 
Their most prominent morphological characteristic is an elon-
gate dorsal node, which may have been used as a buoyancy de-
vice (e.g., Henningsmoen  1965; Olempska and Chauffe  1999; 
Siveter  1984; Williams et  al.  2001). While Aechmina is not 
part of the Phu Ngu assemblage, Baltonotella is. However, 
Baltonotella in the Phu Ngu Formation occurs alongside taxa 
that may be considered typical benthic forms (Collibolbina, 
Laterophores, Ordovizona, and Kinnekullea), lacking any mor-
phology associated with a pelagic lifestyle, and which are also 
paleogeographically widespread taxa. A nektobenthic mode of 
life, which has been suggested for some Ordovician ostracods 
(e.g., Kanygin 1971; Schallreuter and Hinz-Schallreuter 2010b), 
would not enable ostracods to cross the wide oceans between 
the major paleocontinents.

Furthermore, it is notable that the Phu Ngu Formation contains 
no ostracod species in common with geographically remote 
Ordovician paleocontinents. Thus, a series of intermediate 
migratory species is envisaged, perhaps facilitated by the long 

temporal ranges of the genera (Figure  5), with local allopat-
ric speciation responsible for the fossil distribution patterns. 
This pattern would not be expected for the (more rapid) dis-
persal of plankton, noted for Silurian pelagic ostracods (Perrier 
et al. 2019). Therefore, we suggest that dispersal as plankton is 
not a parsimonious interpretation of the assemblage.

5.2.4   |   Dispersal via Biological Agents

Today, there are several biological vectors by which ostracods 
can be transported (either as eggs or adults), such as rafting 
by plant debris (e.g., Coimbra and Carreño  2012; Machado, 
Coimbra, and Carreño 2005; Morais and Coimbra 2019; Rosa, 
Martens, and Higuti 2023; Teeter 1973); via the guts of larger 
animals such as fish (e.g., Vinyard 1979), or birds (e.g., Green 
et al. 2008; Proctor 1964); or by phoretic behavior, for example 
using amphibians and reptiles (e.g., Lopez et al. 2005). There 
were fewer potential media that could have aided ostracod 
dispersals in the Ordovician. Other transporters of ostracods 
would be restricted to cephalopods and early fish (Schallreuter 
and Siveter  1985), but these relationships have yet to be ob-
served for the Ordovician. Land plants were in the early stages 
of their evolution (Rubinstein et al. 2010; Wellman, Osterloff, 
and Mohiuddin 2003), and would not have provided suitable 
rafts for long-distance transport. While dismissing intermit-
tent dispersal by biological vectors such as algae may prove 
difficult, it is unlikely this transport mechanism that relies 
on chance, and surface ocean currents, would produce the 
consistent patterns of the multiple cosmopolitan taxa we de-
scribe here.

5.2.5   |   Dispersal via Island/Continent Hopping

Ostracods are known to travel great distances via both natural 
and human-influenced pathways, as either eggs, juveniles, or 
adults. Today, they disperse via “island-hopping” between geo-
graphically proximal shelves and landmasses. For example, the 
Easter Island ostracod distribution has been attributed to peri-
ods of low sea level exposing shallow summits and seamounts, 
along which the ostracods may have progressively moved 
east from around Pitcairn Island (Whatley and Jones  1999). 
Clipperton Island in the eastern Pacific is seen as a bidirec-
tional “stepping-stone for migration” across the Eastern Pacific 
Barrier for ostracods, mollusks, and foraminifera (McGann, 
Schmieder, and Loncke 2019).

Island hopping has also been attributed to longer-term migration 
patterns of ostracods, for example, Kotoracythere inconspicua 
spreading across the western Pacific through the Miocene (Witte 
and van Harten 1991). In deep time, an overall trend of increased 
ostracod migration when the sea level is low, compared to less 
migration at times of high sea level, is noted in the Ordovician 
(Williams et al. 2003b). It has been suggested some early Silurian 
ostracods migrated via island-hopping routes between the 
Iranian portion of Gondwana, Baltica, and Laurentia during low 
sea levels (Hairapetian et al. 2011). Island hopping across shal-
low shelves has also been attributed to the faunal links between 
Laurussia and Gondwana though the late Silurian and Devonian 
(Nazik et al. 2018).
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For the Silurian, ostracod paleobiogeographical distribution 
has been broadly explained by geographical isolation and global 
sea-level changes (Song et al. 2022). The late Llandovery-Pridoli 
ostracod fauna of the Pulu Formation (Tethyan Himalaya ter-
rane) is interpreted as a shallow-marine, offshore deposit, and 
shares affinities with taxa from Laurentia and Baltica, as well as 
Baltonotella sichuanensis and B. cf. huanghuaensis known from 
South China (Song et al. 2022). There, faunal exchanges between 
peri-Gondwana and Baltica were possibly due to sea-level changes 
(Song et al. 2022); the Tethyan Himalaya terrane was near to the 
South China paleoplate during the Silurian, and possibly sepa-
rated by a shallow sea (Song et al. 2022), which may have enabled 
migration via island hopping. Island hopping principals can also 
be applied to seamounts (Larwood and Whatley 1993). However, 
for both seamounts and islands, ostracods that are strongly con-
strained by temperature or depth would not be able to migrate 
without the aid of other vectors or changes in sea level.

Based on the current fossil record, island hopping does not 
explain the long-term migration routes for the taxa we eval-
uate. Indeed, the dispersal of species of Baltonotella between 
Baltica and Laurentia, and thereafter to South China and 
Perunica (Figure 5) appears unrelated to geographical proxim-
ity and successive translocation of taxa via intermediate con-
nections. Nevertheless, the time factor evident in a reading of 
Figure  5 may have aided dispersal; Laterophores, Collibolbina, 
Baltonotella, Kinnekullea, and Ordovizona are all long-ranging 
taxa (all > 10 Myr). That these genera persist over timescales of 
millions of years means that there is a greater chance of species 
dispersal, via emergent ocean islands, by the juxtaposition of 
continental shelves, or by changes in sea level. It is important 
to note that during the early Katian sea level was high (Haq and 
Schutter 2008; Munnecke et al. 2010), though some records, such 
as those from Baltoscandia, suggest the highstand occurred later 
in the mid-Katian (Nielsen 2004). As a dispersal mechanism, is-
land hopping likely would have faced formidable ocean barriers 
to migration during the interval of the Phu Ngu Formation depo-
sition, given the position of South China relative to Baltica and 
Laurentia. However, it is possible that the current distribution of 
assemblages of Ordovician ostracods is very incomplete, and that 
assemblages from intermediate paleogeographical regions may 
help to confirm whether island hopping was a possible medium 
for dispersal.

5.3   |   Dispersal of a Psychrospheric Ostracod Fauna

Here, we discuss the possibility that the cosmopolitan genera of 
the Phu Ngu Formation are indicative of an early psychrosphere, 
with ostracods that were able to migrate via cooler, deeper wa-
ters within and below the thermocline. First, we assess the 
climatic considerations needed to establish and maintain a psy-
chrosphere, before returning to the ostracod data and discussing 
its compatibility with a paleopsychrospheric distribution.

5.3.1   |   Paleoclimatic and Paleoceanographic 
Considerations for a Psychrosphere

From the discussion above, it follows that the distribution pat-
tern of the more widespread genera from the Phu Ngu Formation 

cannot easily be explained by the migration of benthic species 
along shallow-shelf continental margins or island-hopping 
during periods of low sea level. However, if species of these gen-
era were able to migrate via cooler, deep water within and below 
the thermocline then the cooler, deep oceans between the pa-
leocontinents would not have presented such an impenetrable 
barrier. This section discusses whether the Phu Ngu ostracod 
fauna suggests an early psychrosphere, whether the ocean and 
climate state through the Ordovician would have supported the 
presence of a thermocline, and the physiological implications for 
a psychrospheric fauna.

As the psychrosphere is formed of cold, deep waters, its 
presence is influenced by the prevailing climate state, being 
dictated to an extent by the presence of ice sheets at high 
latitudes, which may encourage the production of cold bot-
tom waters and the onset of thermohaline circulation (see, 
e.g., Benson  1975; Corliss  1979; Kennett  1977; Kennett and 
Shackleton 1976). Before the major Hirnantian glaciation, ice 
sheets may have been present on Gondwana from the early/
middle Katian (Armstrong and Coe 1997; Finnegan et al. 2011; 
Loi et al. 2010; Pope and Read 1998), or even the Darriwilian 
(e.g., Herrmann et  al.  2004; Pohl et  al.  2016a), though of 
smaller extent compared to the latest Katian/Hirnantian 
(Kidder and Tomescu  2016). Sedimentological, paleontologi-
cal, and stable-oxygen-isotope data suggest a transition from 
warm to cool water conditions by the early Katian of South 
China (Jin, Zhan, and Wu 2018), a trend also seen in Laurentia 
(e.g., Brookfield 1988; Lavoie 1995). Therefore, a psychrosphere 
may have evolved during the Middle Ordovician resulting from 
global cooling (e.g., Herrmann et al. 2004; Trotter et al. 2008). 
Such an inference is consistent with climate simulations for the 
Ordovician oceans, which show a steep thermal gradient of up 
to 20°C cooling from the surface to ~1000 m depth in the trop-
ics (Figure 6), though noting that the deep-ocean temperatures 
are much warmer in the Darriwilian (15°C) and the Sandbian 
and Katian (~10°C) than present (4°C). By comparison, the 
deep oceans of the Hirnantian appear to be even colder than 
present, stabilizing at ~0°C.

It is necessary to consider the depositional setting of the 
Phu Ngu Formation and whether it was deposited within or 
below the thermocline. In the early Katian (~453 Ma), north-
east Vietnam was likely on the eastern edge of the equatorial 
South China paleoplate, facing Peri-Gondwana (Cocks and 
Torsvik  2021; Torsvik and Cocks  2013). Servais et  al.  (2014) 
suggested hypothetical upwelling zones on the western mar-
gins of Laurentia (0°–30°N and°S), and Gondwana (30°–60°S), 
induced by westerly winds. Upwelling may have occurred fur-
ther west, around the Yangtze platform and therefore South 
China (Jin, Zhan, and Wu 2018; Zhang et al. 2022), at least by 
the late Katian (Yang, Hu, and Wang 2021). Graptolite assem-
blages along the Vietnamese margin of the South China paleo-
plate, evident for example in the Phu Ngu Formation, suggest 
oceanic influences (see, for comparison, Williams et al. 2003a) 
despite possibly facing away from the open ocean. These fac-
tors, and the geotectonic setting (Tong et  al.  2013; Tong and 
Vu  2011), suggest that the environmental setting of the Phu 
Ngu Formation was influenced by cooler oceanic waters below 
storm wave base and likely considerably cooler than the local 
sea-surface temperature.
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An additional limitation for an Ordovician ostracod psychro-
sphere may have been the depth of the lysocline. Accurate 
estimates for the depth of the carbonate compensation depth 
(CCD) during the Katian are difficult to constrain, because of 
the absence of deep-ocean sedimentary deposits and lack of 
open-ocean calcifiers before the Mesozoic. However, the CCD 
in the Ordovician was likely shallower than the present, due to a 
combination of factors, including higher atmospheric pCO2 (es-
timates range between 3 and over 15 times PAL; Berner 2006; 
Pohl et al. 2016a, 2016b); low calcium carbonate saturation in 
surface waters (Mackenzie and Morse 1992); relatively high sea 
levels (Haq and Schutter  2008); and cratonic flooding (Algeo 
and Seslavinsky  1995). Nevertheless, a review of modern os-
tracod assemblages recovered from as deep as almost 8200 m 
reveals relatively diverse and/or abundant populations, show-
ing that ostracods can adapt to live successfully below the 
CCD (Brandão et al. 2019; Brandt et al. 2019). Whether ostra-
cods were able to survive below the CCD in the Ordovician, or 
whether this is a specialized trait that evolved later is another 
question. It is possible that the fossil record of ostracods below 
the CCD is sparse due to the post-mortem dissolution of valves 
(Brandão et  al.  2019) and the rarity of preserved pre-Jurassic 
deep oceanic sedimentary deposits.

5.3.2   |   Paleopsychrospheric Ostracods of the Phu 
Ngu Formation

The ostracod assemblage of the Phu Ngu Formation contains 
species of taxa that at the generic level are widely dispersed 
globally and include those that are cold water-adapted (Table 1, 
Figures 7–9). We suggest that some of the species of these taxa 
may have migrated via cooler and deeper ocean water masses, 
including via a psychrosphere. Here, we examine evidence that
the cosmopolitan genera that have species found in the Phu 
Ngu Formation include deeper-water, cold-adapted species 
elsewhere. Formations considered to be deep shelf or slope en-
vironments were not necessarily deposited within the psychro-
sphere (i.e., below the thermocline), but would certainly have 
been within the thermocline (Figure  6), experiencing much  
cooler temperatures than shallow shelf deposits at a similar 
latitude.

Kinnekullea species are known from high (La Sangsuriere 
Formation; Vannier  1986), subtropical, and tropical paleolati-
tudes (e.g., Cautley Mudstone Formation; Williams et al. 2001; 
Table  1, Figures  7–9). Laterophores is reported from high 
(Andouille Formation; Vannier  1986), mid (Ffairfach Group; 
Jones  1987), and tropical paleolatitudes (e.g., this study). 
Species of both genera are mostly found in deeper shelf settings. 
Importantly, Kinnekullea gaia and K. comma appear to have 
been adaptable to deeper, cooler-water settings in the tropics 
(Table  1, Figures  8 and 9), as evidenced by their occurrence 
in the Phu Ngu Formation of Vietnam (K. gaia) and the Upper 
Drummock Group of Scotland (K. comma, Floyd, Williams, 
and Rushton 1999; Williams et al. 2000). One of the two occur-
rences of Kinnekullea in a shallower marine succession (aside 
from records from glacial erratics of unknown origin sug-
gested to have been deposited in a shallow shelf environment; 
Schallreuter 1971) is that of K. comma in the Portrane Limestone 
of Ireland (Orr 1987, unpublished thesis), which was deposited 

on midlatitude Avalonia during the Katian (Ferretti, Bergström, 
and Sevastopulo 2014), likely in cooler, temperate waters. As it 
is unpublished, the Portrane Limestone record is not included 
in our paleogeographic reconstructions but remains pertinent to 
the discussion. The other shallow Kinnekullea record is K. inter-
media from the Katian-age, shallow shelf deposits of the Halliku 
Formation, Estonia (Meidla  1996). Overall, the pattern for 
Laterophores and Kinnekullea follows that observed by Guitor 
and Meidla (2022) and Vannier, Siveter, and Schallreuter (1989), 
in which binodicopes become proportionally more abundant as 
part of the overall assemblage with distance from the shore, and 
in more clastic-rich deposits.

Species of the palaeocopid Ordovizona appear to be cooler water-
adapted (Table  1, Figures  7–9). Ordovizona is often reported 
from the deeper shelf (e.g., Melnikova  2000; Salas  2003), sug-
gesting that species preferred cooler water. When Ordovizona 
is reported from shallower settings, with the exception of the 
shallow, epicontinental sea deposits of the Hirmuse Formation 
(Vinn, Wilson, and Toom  2015), it is from temperate regions 
where possibly they would have been affected by a seasonal 
thermocline. For example, Ordovizona amyitisae reported from 
the Shirgesht and Lashkarak formations, of Iran, interpreted to 
be deposited in wave-influenced, shallow marine settings on 
Peri-Gondwana and the mid-paleolatitude Alborz paleoplate 
(Bayet-Goll et al. 2016; Ghobadi Pour et al. 2006; Ghobadi Pour, 
Williams, and Popov 2007; Schallreuter et al. 2006).

Species of the palaeocopid Collibolbina are recorded from both 
shallow and deeper marine settings from subtropical to mid-
paleolatitude settings. Collibolbina species found in the shal-
low water tempestite deposits of the Mangazeya Formation of 
the equatorial Siberian Platform (Gonta and Kanygin  2018; 
Ivanova and Melnikova  1977), interpreted as cold water car-
bonate facies resulting from cool waters upwelling at a time of 
high sea level (Dronov 2013; Dronov et al. 2009), support a pos-
sible cold water adaptation.

Species of the leiocopid Baltonotella are widely recorded 
globally (Table  1, Figures  7–9). They often occur in shallow 
shelf facies from equatorial to high paleolatitudes. For exam-
ple, Baltonotella admirabilis is reported from marginal ma-
rine deposits of the Králův Dvůr Formation (Lajblova and 
Kraft  2018), and B. bohemica from the Cruziana ichnofacies 
of the Bohdalec Formation (Mikulas 1994), Czechia, at > 60°S 
in the Ordovician (Lajblova and Kraft  2018). Baltonotella an-
gustovelata occurs in the Shirgesht Formation, east-central 
Iran, in a shallow marine, wave-influenced paleoenvironment 
(Bayet-Goll et al. 2016; Ghobadi Pour et al. 2006; Schallreuter 
et  al.  2006) and the Domusnovas Formation, Sardinia, in a 
littoral shoreface paleoenvironment (Leone et  al.  2002; Loi 
et  al.  2023; Schallreuter et  al.  2007). These formations were 
likely forming at mid-paleolatitudes outboard of Gondwana 
(Loi et al. 2023). The mid-paleolatitude Baltonotella hesslandi 
from the Argentine Precordillera occurs in shelf (Los Azules 
Formation) and slope (Las Aguaditas Formation) paleo-settings 
(de García and Proserpio 1978; Salas 2003).

Many Baltonotella are from the tropical-subtropical paleolati-
tudes of Laurentia, where species occur in a wide range of depths, 
from shallow to deep shelf. Baltonotella is recorded from mid to 
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deep shelf environments at several equatorial localities, including 
Baltonotella cf. huanghuanensis, found in the Pagoda Formation, 
thought to have been deposited in cooler, deeper water settings 

(Zhang, Yuan, and Feng 2018), contemporaneous to the Phu Ngu 
Formation. Other deeper, equatorial occurrences of Baltonotella 
include the Late Ordovician paleotropical Vesenn'aya Formation 

FIGURE 7    |    Distribution of ostracods vs. simulated ocean temperatures. Distribution of species of the ostracod genera Collibolbina, Laterophores, 
Ordovizona, Baltonotella, and Kinnekullea for Darriwilian (i), Sandbian (ii), Katian (iii), and Hirnantian (iv) shallow marine shelf settings regarded 
as above storm wave base (black marker outline) and intermediate depths (white outline). Lambert azimuthal equal-area projection, centered on 
the South Pole. Sea-surface temperature is displayed; exposed land is shaded gray. Note that there are no shallow shelf ostracod occurrences for the 
Hirnantian (iv). Numbers on each map represent a record of a species in a specific formation—see Table S1.
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in the Taimyr region of Russia (adjacent to the Siberia paleo-
continent during the Late Ordovician, Cocks and Torsvik  2021; 
Ebbestad and Fortey 2020). The Vesenn'aya Formation includes 

Baltonotella limbata and Ordovizona falciformis (Ebbestad and 
Fortey  2019; Melnikova  2000). Melnikova  (2000) suggested the 
assemblage occupied a cold and deep marine setting and most 

FIGURE 8    |    Distribution of ostracods vs. simulated ocean temperatures. Distribution of species of the ostracod genera Collibolbina, Ordovizona, 
Laterophores, Baltonotella, and Kinnekullea from intermediate shelf depths for Darriwilian (i), Sandbian (ii), Katian (iii), and Hirnantian (iv). 
Lambert azimuthal equal-area projection, centered on the South Pole. Ocean temperature for ~270 m water depth is displayed; exposed land is shad-
ed gray, and continental shelves shallower than 270 m are shaded white. Those marine ostracod localities that plot in areas that appear to be land 
demonstrate uncertainty in defining the paleo-shoreline. Numbers on each map represent a record of a species in a specific formation—see Table S1.
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of the ostracods are of the Thuringian Mega-assemblage (sensu 
Bandel and Becker 1975). In Laurentia, the ostracod assemblages 
of the Late Ordovician (Sandbian) Lower Esbataottine Formation, 

Mackenzie District, Canada, are also interpreted as preferring a 
cooler and deeper marine shelf environment (Copeland  1982). 
One of the species therein, Baltonotella parsispinosa, is widespread 

FIGURE 9    |    Distribution of ostracods vs. simulated ocean temperatures. Distribution of species of the ostracod genera Collibolbina, Ordovizona, 
Laterophores, Baltonotella, and Kinnekullea from deep marine shelf to slope settings for Darriwilian (i), Sandbian (ii), Katian (iii) and Hirnantian 
(iv). Lambert's azimuthal equal-area projection, centered on the South Pole. Ocean temperature for ~485 m water depth is displayed; exposed land is 
shaded gray, continental shelves shallower than 485 m are shaded white. Numbers on each map represent a record of a species in a specific forma-
tion—see Table S1.
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in deeper shelf facies of the Bromide Formation, Oklahoma 
(Williams and Siveter 1996), and Edinburg Formation, Virginia, 
USA (Kraft 1962; Mohibullah et al. 2012). Baltonotella parsispi-
nosa is also known from the Late Ordovician paleo-arc setting 
Ardwell Farm Formation, Scotland, probably transported from 
a distal shelf/slope setting via turbidity currents (Mohibullah 
et al. 2011). Baltonotella was therefore not uncommon in cooler, 
deeper waters from tropical and equatorial settings. Thus, while 
some Baltonotella species are shallow marine and warm water, 
some from tropical/equatorial settings are clearly deeper marine, 
suggesting cold water adaptation.

Therefore, the occurrence of Laterophores, Ordovizona, 
Kinnekullea, Collibolbina, and Baltonotella species in the deeper-
marine setting of the Phu Ngu Formation of Vietnam is consis-
tent with the presence of cool water-adapted species of these 
genera elsewhere, and with the interpretation of an Ordovician 
ostracod psychrosphere. The relatively homogeneous thermal 
landscape at deeper water depths (Figure 6) would have facili-
tated their dispersal over large latitudinal ranges.

6   |   Conclusions

The ostracod fauna of the Phu Ngu Formation is dominated 
by taxa that at the generic level are cosmopolitan, showing 
links with Laurentia, Baltica, Avalonia, Siberia, the Argentine 
Precordillera, and Peri-Gondwana (Table 1). There are no clear 
marine shelf-connections by which species of these benthic 
taxa could have reached the South China paleoplate, and it is 
therefore plausible that some of the species migrated via an 
Ordovician psychrosphere. An Ordovician ostracod psychro-
sphere is consistent with climate simulations of the Darriwilian, 
Sandbian, and Katian that show a strong thermal depth gradient 
and a thermocline in the tropics, shoaling to the surface in mid- 
to high latitudes, albeit with warmer deep ocean temperatures 
than at present (Figure 6).

Global analysis shows that Baltonotella, Laterophores, 
Kinnekullea, Collibolbina, and Ordovizona include warm 
and cold water-adapted species, and taxa that are cool- and 
deep-water adapted in the tropics, such as Kinnekullea 
gaia and Ordovizona falciformis. Although it is unlikely 
that any  of  the  formations we have discussed were depos-
ited within  the psychrosphere itself (see Table  S1), the over-
all distribution patterns demonstrate the propensity for cold 
water adaptation in some Ordovician benthic ostracod taxa 
that is consistent with the development of a psychrospheric 
community.

The development of Ordovician ostracod psychrospheric fau-
nas has implications for the resilience of global ostracod fau-
nas to climate change. Long-term survival of the Thuringian 
Mega-assemblage (Ordovician to Permian; Melnikova  2000) 
has previously been attributed to a psychrosphere provid-
ing a refugia for ostracods across the Late Devonian and 
Permian–Triassic mass extinctions (Benson  1988; Crasquin 
and Horne  2018). The time gap between the Thuringian 
Mega-assemblage going extinct in the Late Triassic, and the 
establishment of the modern psychrospheric ostracod fauna 
in the early Cenozoic (Benson 1988) may be due to the warmer 

climate of the Mesozoic greenhouse leading to deep-ocean 
anoxia and a decrease in thermohaline circulation (Crasquin 
and Horne  2018). The success of species within psychro-
spheric ostracod genera may be a result of their tolerance of 
a range of depths and temperatures, allowing them to mi-
grate via psychrospheric waters, but also to survive climatic 
events, such as significant sea-level and temperature changes 
that would particularly affect shelf faunas. It is notable that 
species of Ordovizona and Baltonotella survived the Late 
Ordovician mass extinction, possibly due to their tolerance of 
a wide range of marine environments. An ostracod psychro-
sphere from the Late Ordovician would be consistent with 
the stratigraphical range of the Thuringian Mega-assemblage 
(Melnikova  2000). Furthermore, recognizing that such taxa 
are widespread and decoupling their cosmopolitan biogeo-
graphical signal from those that are obligate shallow marine 
and endemic, is a prerequisite for producing more realistic 
Paleozoic paleogeographies.
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