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SupplementalMaterial 

Appendix S1.  

Mud (mode 52-60 µm; Appendix II) was collected from a modern lake (Oklahoma) and frozen at -15°C 

overnight. After preliminary tests of the impact of sediment depth (1-10 mm in 90 mm and 48 mm-

diameter petri dishes), and sediment homogeneity (sieved vs. un-sieved), all experiments used sieved 

sediment (mode 52-60µm), ~1-10 mm deep. Sediment depths did not impact morphology. Experimental 

variables in this study included (1) solution chemistry: distilled water + NaCl (0%, 0.1%, 0.5%, 1%), and 

(2) sediment saturation: saturated vs. supersaturated. Saturation was achieved by addition of solution to

sediment until pore spaces were full; supersaturation indicates that ≤ 1.5 mm films of solution existing 

atop the sediment surface. Models with dilute NaCl solutions were performed to test the effect of the 

presence of salts on morphology. We did not simulate growth of evaporitic minerals (e.g. calcium sulfates 

like gypsum) in sediment due to their moderate-to-low solubility, the time required to grow well-formed 

crystals (up to a year), uncertainty around paleoclimate-specific variables (e.g. availability of organics, 

sediment composition), and because such experiments are already well-documented in the literature (e.g. 

Cody and Cody, 1988; Magee, 1991). Grain size, temperature, and time were held constant in all 

experiments. 

Appendix S2.  

Grain size distribution of mud used for laboratory simulation of ice crystal growth after being sieved 

(mode 52-60µm; blue) and grain size distribution of disaggregated Usclas Formation mudstone (mode 20-

45µm; black). 
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ephemeral freezing in early Permian equatorial Pangea: Geology, v. 49, https://doi.org/10.1130/G49011.1
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Figure S1 

 

Appendix S3.  

Select photos from the literature of markings interpreted as ice crystals in strata from various geologic 

intervals (Figure S2; following page). See also: Table 1 from main text. References cited for these photos 

and for Table I (main text) are listed below. Photo descriptions in order as follows: (A) Modern, casts of 

ice crystals in loess, IL, U.S. (Udden, 1918), (B) Modern, in mud, Capitol Reef National Park, UT, U.S. 

(Photo by K. Benison, 2010), (C) Modern, in playa lake, western Argentina (Photo by G.S. Soreghan), 

(D-E) Late Pleistocene, in fine sands, UT, U.S. (from Mark, 1932), (F) Pleistocene, reticulate-chaotic 

cryostructures in ice-rich, lake-bottom muds (from French and Shur, 2010), (G) Middle-Permian, in 

Carlsbad limestone, Guadalupe Mts., U.S. (from Lang, 1937), (H-I) Upper Cretaceous, in Eagleford 

limestone – clays, TX, U.S. (from Udden, 1918), (J) Upper Ordovician, in sand-mud, Morocco (from 

Nutz et al., 2013), (K) Upper Ordovician, in mud, Libya (from Girard et al., 2015), (L) Lower 

Carboniferous, in mud-silt, De L’aïr, Niger (from Lang et al., 1991).  
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Appendix S4.  

Select photos from the literature of rare forms of several minerals or other features that might be 

considered for alternative interpretations for the traces documented in the Usclas Formation (Figure S4). 

The table (following pages) describes each photo (A-I; with references cited) and summarizes 

discrepancies with the features of the Usclas Formation. 

 

 

Figure S3 
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Photo description Discrepancies  
(A) Feathery halite grown at air-water 
interface in beaker (unpublished, from K. 
Benison, 2020) 

Feathery halite grows at the air-water interface, whereas all 
Usclas Fm. features formed displacively (grew into the fine 
sediment, pushing it aside). Also, individual needles are 
finer and more well-defined in the Usclas FN features 
(compared to sheetlike form of the feathery halite, wherein 
individual needles are poorly-defined and concave). 

(B) Feathery halite growing at the edge 
of small brine puddles, Lake Ballard,  
Australia (unpublished, from K. Benison, 
2020) 
(C) Floating crust of acicular thenardite 
crystals in playa lakes of the northern 
Great Plains (from Last, 1984) 

Floating crusts of one (acicular) form of thenardite form at 
the air-water interface; Usclas Fm. features were formed 
displacively. The needles of acicular thenardite are also an 
order of magnitude larger in scale, and do not form fan-like 
geometries. 

(D) Needle-like gypsum crystals (mm-
scale) on a rippled mudflat, Lake 
Aerodrome, Australia (Fig. 6G from 
Benison and Bowen, 2013) 

Major differences occur in both scale and morphology: 
Usclas SR blades are ~10x larger and exist as bunches of 
needles, compared to the very fine, hair-like needles of 
gypsum in photo (D). 

(E) “Daisy bed” gypsum, Sicilian Basin 
(from Schreiber et al., 1976) 

In contrast to these, the Usclas DC impressions are  not 
consistently radial and lacks a central pore. Daisy bed 
gypsum in this photo (E) has fewer, and less-delicate 
needles.  

(F) Fan-like bloedite crystals, viewed in 
cross-section, in saline lakes, Spain 
(from Mees et al., 2011) 

Micromorphological characteristics are distinctly blockier 
or more prismatic than in the Usclas Fm.  

(G) Radiating bladed fans of barite, 
South China (plan view Fig. 2C from 
Zhou et al., 2010 and cross-sectional Fig. 
2C from Killingsworth et al., 2013) 

Micromorphological characteristics show fuller (bulkier) 
fans than any Usclas Fm. morphology –In cross section, in 
contrast to Usclas SR, barite needles are more abundant and 
disorganized, and also extend gradationally into the matrix. 

(H) Palaeoscia floweri, porpitid 
siphonophores, Jurassic, northeastern 
U.S. (from Collette et al., 2011) 

In contrast to these, the Usclas Fm. features lack a central 
pore and do not occur individually. Furthermore, their 
cross-sectional micromorphologies do not have a funneled 
shape or structureless-vuggy fill typical of burrowing (e.g., 
Collette et al., 2011).  

(I) Rare example of randomly-oriented, 
spindle-like, synaeresis cracks (from 
Plummer and Gostin, 1981) 

Usclas Fm. impressions do not form full or partial polygons 
(typical of desiccation, synaeresis, or freeze-thaw casts). In 
contrast to one rare example of randomly-oriented spindle-
like synaeresis cracks, Usclas Fm. features are 
characterized by substantially thinner, more needle-like 
lines 
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Note on Fossils Plant taphonomy, fauna, insects, and trackways of the 
Lodève Basin are well-documented (e.g. Martín-Closas and 
Galtier, 2005; Gand et al., 2008; Galtier and Broutin, 2008; 
Lopez et al., 2008), and do not resemble any of the Usclas 
morphologies. Small, dark fern fossils with coniferous 
(needle-like) leaves (left) were found in the same Usclas 
Fm. section. They represent species of Walchia (cf. 
Walchianthus sp.; Bercovici and Broutin, 2008), which do 
not match the Usclas traces in size or form—nor do they 
have the same preservation (e.g., organic matter). 
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