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Summary: Displacement-length (D-L) measure-
ments for terrestrial and planetary faults reveal the influ-
ence of heterogeneous stratigraphic properties on the scal-
ing parameters [1,2]. For example, detailed observations 
of normal faults in carbonates from Spain [2], basaltic 
sequences in Afar (Africa [3]), and sedimentary northern 
plains units on (Mars [4]) are consistent with a sequence 
of vertical fault restriction, leading to nonlinear [2] D-L 
scaling, with rapid displacement accumulation associated 
with the cessation of restriction at depth and a return to 
linear D-L scaling. Field examination of stratigraphically 
restricted faults shows a change in fault shape, from more 
elliptical or triangular tipline shapes, for nonrestricted 
faults, to more flat-topped shapes for restricted faults [5]. 
Here we re-examine the D-L scaling for normal faults on 
the Bishop Tuff, California [6], and separate profile shape 
from fault restriction.

Faulting on the Tableland: Dawers et al. [6] 
showed that normal faults that cut the Bishop Tuff de-
fined a linear D-L scaling relation (Fig. 1). However, they 
also suggested that the displacement profiles defined two 
basic groups: smaller faults having peaked or triangu-
lar displacement profiles and longer faults having more 
flat-topped, plateaued profiles. Faults longer than ~twice 
the ~150-m thickness of the tuff assumed in their study 
(dashed line at L = 300 m in Fig. 1) showed plateaued 
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Fig. 1. Displacement-length relations for normal faults in Bishop Tuff, 
after Dawers et al. [6]. Linear D-L scaling is indicated by the dashed 
line; lower curve corresponds to stratigraphically restricted faults [2] 
predicted for T = 150 m.

profiles, suggesting, among other alternatives, their re-
striction to the tuff sequence. 

 Field observations, both in map view and in cross 
section, and measurements by Soliva et al. [2] demon-
strate that stratigraphically restricted faults are charac-
terized by flat-topped displacement profiles. The D-L 
scaling relations of these demonstrably stratigraphically 
restricted faults also follow nonlinear paths on the D-L 
diagram [1] (Fig. 1, lower discontinuous curve). Com-
parable growth paths have been identified for terrestrial 
normal faults in carbonates [2] and for Martian grabens 
[4] that also show plateaued displacement profiles and 
uniform cross-strike spacings. However, the linear D-L 
scaling relations found for the Bishop Tuff normal faults, 
and their power-law cumulative length-frequency statis-
tics [7], argue against stratigraphic restriction for those 
faults. This result suggests that another process, besides 
restriction, led to the change in fault shape measured by 
Dawers et al. [6].

Bishop Tuff Stratigraphy: The Bishop Tuff is a se-
ries of pyroclastic flows and airfall deposits created by the 
most recent eruption of Long Valley Caldera ~750,000 
years ago [8,9]. The Tuff is composed of three main units 
[10]. Fault scarps are well preserved in the erosionally re-
sistant, densely welded, 10-m-thick upper unit that forms 
the surface of the Tableland [6,11]. Below the upper unit 
is a 40- to 150-m-thick lower unwelded unit (e.g., [12]). 
Below the lower unit is a 20- to 40-m-thick nonwelded 
basal airfall ash unit. The total thickness of the Tuff is 
~70–200 m. Below the Tuff are unconsolidated alluvial 
deposits and glacial Sherwin Till [13]. Granitic bedrock 
underlies the alluvium at depths of ~2 km [14]. Although 
not yet demonstrated, it is likely that stiffness varies 
through the stratigraphic section.

Fault Shape and Layer Stiffness: The scaling of 
faults is well known to be sensitive to the stiffness of the 
faulted layers (e.g., [15]). Displacements along faults in 
stiffer layers (i.e., those having larger values of Young’s 
modulus E or shear modulus G) are smaller than those 
cutting softer layers, consistent with the inverse depen-
dence of displacement and modulus in analytic models of 
displacement-length scaling (e.g., [16,17]). It follows that 
faults that cut a layered stratigraphic sequence having 
variations in layer stiffnesses will generate displacements 
consistent with the average stiffness of the faulted layers. 
Because the fault displacement profiles also depend on 
the relative stiffness between faulted layers, a fault cut-
ting down into a stiffer layer, for example, will develop 
a flatter displacement profile, with a correspondingly 
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reduced value of maximum displacement, than would a 
fault of the same length cutting a layer of constant (lesser 
average) stiffness [16]. If the fault continued to grow in 
length and displacement, then its D/L ratio would de-
crease, but not sufficiently for restriction to occur or to 
become evident on the D-L diagram (e.g., lower curve in 
Fig. 1) assuming reasonable ranges of layer stiffnesses 
in the literature. Restriction and nonlinear growth on the 
D-L diagram (Fig. 1, lower curve) thus requires changes 
in fault shape, which are related to fault-propagation cri-
teria (e.g., the layer’s yield strength) as well as changes 
in layer stiffness. 

The influence of fault shape on layer stiffness was 
investigated by calculating the displacements along nor-
mal faults in Bishop Tuff using the methods outlined in 
[1]. Results are shown in Fig. 2. The D-L data from Daw-
ers et al. [6] can be fit as two sets: a shorter set, with 
lengths <300 m, and a longer set. Both sets have linear 
scaling and are therefore not stratigraphically restricted. 
However, the longer set shows a systematic reduction in 
displacement relative to the shorter set. This can be mod-
eled as either a fault of greater aspect (length to height) 
ratio (having a length ratio LR = 4), faulting of a stiffer 
layer, or some combination of both. A fault propagating 
into a stiffer layer is known to change its shape to more 
flat-topped [16], mirroring the throw profiles reported by 
Dawers et al. [6]. The calculations support an interpreta-
tion of faults in Bishop Tuff as not being stratigraphically 
restricted, but reducing their D-L ratios, and perhaps al-
tering their shapes, as they propagate downward into the 
underlying units. 

Fig. 2. Fits to normal fault data in the Bishop Tuff. Fits to the shorter 
and longer sets accomplished with appropriate combinations of fault 
shape and rock stiffness. Lines are calculated for various ratios of driv-
ing stress s to shear modulus G.

Conclusions: Changes in fault shape, from ellipti-
cal or triangular to flat-topped, can likely be related to 
stiffness changes in a stratigraphic sequence, rather than 
to fault restriction itself. Although restriction may occur 
when layers change stiffness, it is also associated with 
changes in yield strength [1,2], which may, but not nec-
essarily, correlate with changes in stiffness. Changes in 
fault shape can therefore occur for faults propagating 
through a heterogeneous stratigraphic section. 

Stratigraphic restriction of faults on planetary sur-
faces can be inferred if their D-L scaling relations are 
nonlinear. By contrast, non-restricted growth of faults in 
stratigraphic sequences having different stiffnesses is in-
dicated by plateaued distributions and linear D-L scaling. 
The latter may be the case for the classic normal faults 
in Bishop Tuff. There, the normal faults likely cut units 
which vary somewhat in stiffness but not significantly in 
yield strength.
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