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It is well known that the map traces of joints and strike-slip faults are characteristically 
discontinuous and that fracture segments or strands are noncolinear (e.g., ref. [1,2]). Adjacent 
discrete segments step aside and overlap slightly to form what is commonly known as echelon joint 
or fault geometry. This conspicuous geometry is quite common on Earth [3,4], Mars [S], and 
Europa [6]. Echelon stepovers in map view are found in joints, continental and oceanic rifts, and 
strike-slip faults and in the down-dip direction of joints and dip-slip faults [7]. TRe underlying 
mechanical controls on the development of echelon geometries are similar for both joints and faults 
[8,9]. An important characteristic of echelon geometry is its scale independence. Echelon 
stepovers are found along micron sized cracks in glass as well as in kilometer scale oceanic 
spreading centers [10,11], giving rise to fractal descriptions of joint and fault geometry. Plots of 
the overlap and separation of echelon fractures (e.g., ref. [4,9,5]) suggest that formation of the 
echelon geometry is related to the local stresses associated with the tips of joints and faults (e.g., 
ref. [12]). The process of mechanical interaction between closely spaced joints and faults can 
produce echelon geometry [8,9] and details of the analysis can be found in those papers. 

Briefly, consider two echelon fractures having lengths 2b, center spacing 2k, overlap 20, 
and separation 2s (Fig. 1). I use the displacement discontinuity version of the boundary element 
method [13] to calculate the stress fields near echelon fractures. This method is superior to the 
finite element method for solving elastic crack and fault problems because the inner boundary 
conditions are easily specified and the displacements along the fractures are efficiently calculated. 
The displacement discontinuity method is based on the displacement potential functions for a line 
segment (boundary element) with constant displacement discontinuity (i.e., dislocation) in an 
infinite linearly elastic plate. In this analysis, the fractures are idealized as cracks in an elastic two 
dimensional plate and are divided into several elements. Far field remote loading induces 
displacements across the fractures. These displacements produce a stress concentration around 
fracture tips. The magnitude of stress concentration at the inner tips of echelon fractures is related 
to the stress intensity factor, K, which is calculated here from near-tip displacements [14]. 
Mechanical interaction between echelon fractures is modeled by relating K to the strain energy 
release rate, or "fracture propagation energy", G (Fig. 2). Fracture growth occurs when G 
exceeds the critical value for a given material, Gcrit. These calculations show that growth of the 
inner tips of closely spaced echelon fractures is first enhanced by interaction, then impeded, so that 
an overlapping echelon geometry results. 

Mechanical interaction between growing joints, veins, and dikes is an important sorting 
process that controls joint size, spacing, frequency, and rock strength [I]. Interaction between 
growing strike-slip faults profoundly influences the occurrence and self-similarity of pull-apart 
basins and push-up ranges [9] as well as the seismicity associated with normal and reverse faults 
(see ref. [7]). Echelon fracture geometry is found on planetary bodies having different surface 
gravities and compositions (e.g., Mars, Europa), suggesting that the mechanics of fracture growth 
and brittle deformation is similar on many, if not all, solar system bodies. Rock mechanics testing 
of ice-rich mixtures (e.g., ref. [15]) provides an important link between quantification of planetary 
fractures and remote stresses necessary for growth of the observed fracture systems. These 
calculations show that important quantitative information on brittle deformation can be obtained 
from the mechanical analysis of common joint and fault geometries. 
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Fig. 1. Geometry of echelon fractures. 
Far field loading by remote principal 
stbmcsses 03 and 01. 
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Fig. 2.  Dependence of fault propadation 
energy G on length blk and separation slk of 
echelon faults. Overlap of inner fault tips 
occurs for positive values of olk. Fault 
growth begins at A and stops at B, producing 
an overlapped geometry. 
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