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ABSTRACT 

 The Narragansett Basin of Massachusetts and Rhode Island is a Carboniferous 

terrestrial basin and is the only location within New England that preserves fossil 

evidence of early amphibians and reptilomorphs.  Footprints and trackways constitute the 

only record of these early tetrapods, but deformation during the Alleghanian orogeny has 

distorted the traces.  To improve identification, description, and comparison with non-

distorted material, tracks from Plainville, Massachusetts were retrodeformed using 

raindrop imprints as strain markers. 

 The axial ratios of 354 raindrop imprints found on 12 slabs were analyzed using 

the Rf/Φ technique.  Strain ratios for slabs ranged from 1.33 to 1.93, with individual 

raindrop imprints ranging from 1.14 to 2.51.  Although weakly expressed, cleavage 

exhibits an anastomosing characteristic and is visible on bedding surfaces in the form of a 

bedding-cleavage intersection lineation.  The fluctuation of the bedding-cleavage 

intersection lineation varies between 10° and 33° among the raindrop-imprint—bearing 

slabs.  This fluctuation is strongly correlated to the strain ratio of a slab, and this 

correlation was used to obtain strain ratios for slabs lacking raindrop imprints.   

 Vertebrate tracks appeared less distorted following retrodeformation, and the 

accuracy of the methods was successfully tested by retrodeforming insect traces that were 

originally bilaterally symmetrical.  Deformed raindrop imprints and bedding-cleavage 

intersection lineation provide a useful new way of retrodeforming fossils, as well as a 

more complete understanding of the fossil record of early tetrapods in New England. 
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 YPM27991 (Fig. 6) contains a single archaeognathan body imprint that is 

approximately 2 mm in length and preserves features of the insect’s head, thorax and 

abdomen.  The trace lies at approximately 30° to the mean orientation of the bedding-

cleavage intersection lineation.  FInt Lin of the slab is 16°, which yields Rs = 1.65 

according to the relationship in Figure 3.  

 The retrodeformed fossil based on the best estimate of Rs exhibits bilateral 

symmetry, as expected in an undeformed body imprint (Fig. 6C-D). The paired coxae and 

points of origin of the paired styli are aligned across the midline, and the abdominal 

sternites are rectangular rather than rhomboid. The reconstruction based on the lowest-

strain end member (Figs. 6E–F) also exhibits improved bilateral symmetry. In both these 

reconstructions, the raindrop impressions were restored to sub-circular shape. The 

retrodeformation based on the highest-strain end member (Figs. 6G–H) exhibits poor 

symmetry, with offset coxae and styli and rhomboid abdominal sternites. In these 

respects, this reconstruction resembles the original deformed specimen, although with the 

direction of skew reversed. In this retrodeformation, the raindrop imprints are elongate 

perpendicular to the bedding-cleavage intersection lineation.  

 YPM236969-72 (Fig. 7) preserves four archaeognathan body imprints oriented at 

various angles relative to the bedding-cleavage intersection lineation.  The body imprints 

range in size and preserve varying features of the trace maker’s body. FInt Lin of the slab is 

17°, which yields Rs = 1.62 according to the relationship in Figure 3.  

 These traces also appear deformed (Figs. 7A–B): the abdominal sternites are 

rhomboid, and the paired coxae and paired styli are offset.  Similar characteristics are 

seen in the retrodeformations using the lowest-strain (Figs. 7E–F) and the highest-strain 
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(Figs. 7G–H) end members, although the direction of skew is opposite in the highest-

strain end member.  When retrodeformed using the best estimate of Rs (Fig. 7C–D), the 

traces exhibit their original bilateral symmetry with rectangular sternites and aligned 

pairs of coxae and styli.   

 Several raindrop imprints also occur on this specimen. They are elongate 

subparallel to the bedding-cleavage intersection lineation on the deformed slab and in the 

lowest-strain retrodeformation, and they are elongate perpendicular to the intersection 

lineation in the highest-strain retrodeformation. In the retrodeformation using the best 

estimate of Rs, however, the raindrop imprints are nearly circular. 

  

Discussion—In their deformed states, the archaeognathan trace fossils lack the expected 

bilaterally symmetric morphology.  Through proper retrodeformation, the traces can be 

restored to their bilaterally symmetric morphologies.  However, these specimens exhibit 

varying levels of strain, and Figures 6 and 7 demonstrate the importance of using an 

appropriate value of Rs during retrodeformation.   

  In Figure 6, the highest-strain retrodeformation overcorrects the archaeognathan 

body imprint, such that it lacks bilateral symmetry.  The best-estimate and lowest-strain 

retrodeformations show improvements in symmetry, with more rectangular sternites and 

better alignment of coxae and styli across the midline. However, both reconstructions still 

appear slightly deformed, but with opposite directions of skew. The true value of Rs 

likely lies between the best estimate and the lowest-strain estimate; because there is 

scatter around the regression line in Figure 3, the best estimate of Rs should be close but 

not necessarily equal to the true value of Rs.   
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 The archaeognathan trace fossils in Figure 7 are oriented differently relative to the 

bedding-cleavage intersection lineation such that they respond differently to deformation.  

The first trace (Fig. 7G–H, 1) is oriented perpendicular to the bedding-cleavage 

intersection, so retains its bilateral symmetry in all reconstructions.  The other traces are 

not perpendicular to the bedding-cleavage intersection lineation and can be used to test 

the accuracy of retrodeformation.  When retrodeformed using the lowest-strain and 

highest-strain values, these traces lack bilateral symmetry and appear under- and over-

retrodeformed, respectively.  The archaeognathan body imprints return to the expected 

bilateral symmetry when retrodeformed using the strain ratio obtained from the 

correlation between Rs and FInt Lin.  This retrodeformation is especially compelling since 

all of the traces return to their bilaterally symmetric morphologies despite their varying 

orientations.  Furthermore, the raindrop imprints return to their circular shapes only when 

retrodeformed using this strain ratio. 

 These analyses suggest that fossils from this locality can successfully be 

retrodeformed in the absence of raindrop imprints using the observed correlation between 

Rs and FInt Lin.  Archaeognathan trace fossils on both slabs were restored to their original 

bilaterally symmetric morphology using this method.  Using other values of strain was 

not successful in all cases, which highlights the importance of calculating a strain value 

that is appropriate to a particular sample.  The success of this method allows for the 

retrodeformation of vertebrate tracks that lack symmetry and are not found in association 

with raindrop imprints; that is, fossils for which no other obvious method is available 
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Retrodeformation of Amphibian Tracks 

Three track-bearing slabs were retrodeformed using strain ratios obtained from 

the correlation between Rs and FInt Lin (Figs. 8-10).  The tracks were produced by an 

amphibian, as indicated by the tetradactyl manus and pentadactyl pedes with short digits 

and blunt-tipped toes (Lucas et al., 2011, Voigt et al., 2011a, 2011b). 

 

Expected morphology—As mentioned above, undeformed amphibian manus imprints are 

equidimensional or slightly wider than long (Baird, 1952; Voigt et al., 2011a, b). The 

prints of the pes are about as long as wide and have serial lengthening from digits I to IV, 

with digit V as long as digit II (Baird, 1952; Lucas et al., 2011; Voigt et al. 2011b). 

 

Observed morphology—The amphibian tracks on these three slabs show clear signs of 

deformation.  For example, In Figure 8A, one pes (P2) is approximately 59% longer than 

wide.  In Figure 9A, the pedes (P1, P2) are approximately 39% longer than wide and one 

manus (M1) is 16% longer than it is wide.  In Figure 10A, one manus (M1) is 

approximately 76% wider than is it long.  

 

Retrodeformed morphologies— Figures 8B, 9B and 10B show the retrodeformed 

amphibian trackways using the strain ratios obtained through use of the correlation 

between Rs and FInt Lin.  

 The tracks in Figure 8 are aligned approximately parallel to the bedding-cleavage 

intersection lineation.  FInt Lin of the slab is 14°, which yields Rs=1.73. The retrodeformed 

tracks (Fig. 8B) widen such that the manus are slightly wider than long (e.g., 18% in M1)  
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FIGURE 8 − Fossil amphibian trackway from quarry in Plainville, Massachusetts. A) 

Original specimen. B) Retrodeformed image using Rs obtained from correlation in Figure 

3 (Rs=1.72).  Images oriented with mean orientation of bedding-cleavage intersection 

lineation on the horizontal. Ellipses	
  show	
  strain	
  ellipse	
  (A)	
  and	
  retrodeformed	
  strain	
  

ellipse	
  (B). R = raindrop imprint; M = manus; P = pes. 
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FIGURE 9 − Fossil amphibian trackway from quarry in Plainville, Massachusetts. A) 

Original specimen. B) Retrodeformed image using Rs obtained from correlation in Figure 

3 (Rs=1.40).  Images oriented with mean orientation of bedding-cleavage intersection 

lineation on the horizontal. Ellipses	
  show	
  strain	
  ellipse	
  (A)	
  and	
  retrodeformed	
  strain	
  

ellipse	
  (B). M = manus; P = pes. 


