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ABSTRACT 

This research evaluates models of earthqualte behavior and fault 

segmentation, by quantifying the rupt.ure-magnitude pattern along the 

trace of coseismic surface rupture for each of four earthqualtes. One is 

the 1983 (Ms = 7.3) Boral1 Pealt, Idaho, earthqualte and t.hree are 

prehist.oric. Two eart.hqualtes occurred along each of t.he adjacent. 

Thousand Springs and Mackay Segments (TSS and MS) of t.he Lost. River 

fault in east.-central Idal1O, and within their intervening segment 

boundary. The apparent. vertical slip-component (t.hrow) was measured 

as the vertical separation of surveyed longitudinal profiles of faulted 

stream floodplains, terraces, and alluvial fans, and relative uncertainty 

in the measurements was obtained. The true vertical slip-component 

(VD) was calculat.ed t.o account for geometric distortion in throw data. 

Knowledge of fault dip is required, and was estimated using structural 

contour models of the fault. The preferred model relies on the measured 

orientation of the 1983 net-slip vector at a faulted-fence site, but the 

calculation is more dependent on profile gradient then on fault dip. The 

ages of faulted landforms are constrained by a dated soil 

chronosequence (in calibrated calendar years BP). The period of record 

is ",,17 ky, the age of ubiquitous late-glacial fans. 

The Borah Peal{ surface rupture is 5 km longer t.han previously 

thought. 1983 rupture VD was uniformly ",,2 m along the southeastern 

half of the TSS and penetrated the segment boundary with uniform VD 

of 0.5 m. The penultimate earthquake on the TSS occurred between 10 

CL.'1d 11 ka, and had rupture magnitude and location nearly identical to 
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the 1983 earthquake. On the Mackay Segment (MS)' an earthquake 

occurred at ",,5 ka with ruptures penetrating the segment boundary. 

Apparently a previous event occurred between 12 and 17 ka. The 

cumulative VO for the period of record is uniform 4 to 4.5 m on both the 

TSS and the MS, but only 2 m ofVD in the segment boundary. There is 

no evidence for medium sized earthqualtes. All the evidence can be 

explained by four nearly identical, large magnitude characteristic 

earthqualtes on a segmented fault. 



PREFACE 

This dissertation is a tectonic geomorphology study of active 

nonnal faulting. The study site is the Thousand Springs and Mackay 

Segments of tile Lost River fault in east-central IdallO. The October, 

1983, (Ms = 7.3) Borall Peal{ earlhqual{e occurred wilh rupture on the 

Thousand Springs fault seg!llent.. 

12 

The purpose of tilis research is to evaluate models of earlhquake 

behavIor and fault segmentation, by quantifying the rupture-magnitude 

pattern along the rupture trace of coseismic surface dIsplacement for 

each of four earthqual{es. One is the 1983 earthquake and three are 

prehistoric. 1Wo earthqual{es occurred along each of two adjacent fault 

segments. Patterns of displacement magnitudes for pairs of 

earthqual{es are compared, and the spatial interaction, or overlap, of 

ruptures from adjacent segments is quantified. The data is summarized 

and compared to models of fault behavior in Chapter 6. 

DurIng the course of this research new information was 

discovered about Borall Peal{ earthqual{e, evidence that bears on Ule 

overall study. For example, Chapter 1 reports on extensive but 

previously undocumented surface ruptures in the fault segment 

boundary, from the 1983 event and a previous event. Chapter 2 

presents new constraints for the age of that penultimate earthquake on 

the Thousand Springs Segment. Using a fence faulted in 1983, Chapter 

3 illustrates that the net-slip vector, the horizontal slip vector or any 

other component of displacement, can be measured at one site along 

historical, normal-fault surface ruptures. Those fault parameters 



13 

constrain models for the three dimensional shape of the Lost River fault 

(Chapter 4), and the models allow field data to be turned into 

meaningful true vertical displacement results. The meaning of "vertical 

displacement" data is elucidated in Chapter 5, and methods are refined 

for obtaining field measurements and for treating geometrically distorted 

data. These methods are evaluated and illustrated using Borall Peak 

surface rupture data, and by calculating the 1983 seismic moment for 

comparison with moment from studies using different meUlods. 

Drawing from these Chapters, the spatial patterns of rupture

magnitude, and interaction of ruptures from adjacent fault segments is 

summarized in Chapter 6. 



CHAPTER 1 

PREVIOUSLY UNDOCUMENTED SURFACE RUPTURES 

FROM THE BORAH PEAK. IDAHO. EARTHQUAKE 

Introduction 

14 

The Borah Peak, Idaho, earthqualte (Ms = 7.3) ruptured a 

portion of the Lost River fault with normal-sinistral motion in October 

1983 (Figure l.1). The citations for most papers concerned with that 

event can be found in Bucknam and Stein (1987) and other papers in 

that volume. Maps of the trace of surface ruptures created during this 

large and important earthquake were published by Crone et al. (1987), 

and most of the surface ruptures were located on the range-bounding 

fault at the foot of the Lost River mountain range. However, the 

earthqualte also ruptured hillslopes of the range front and many of 

these ruptures were not recognized in the months following the event. 

These previously undocumented surface ruptures are the subject of 

this chapter. 

The undocumented surface ruptures have cumulative length 

close to 12 km. One scarp has throw close to 1 111, many scarps have 

throw near 30 cm, and scarps less than 10 cm high and open ground 

craclts are common. In general, the style of surface ruptures 

corresponds with the forces that caused them. In addition to true 

fault scarps, other ruptures appear to be the result of intense ground 

shaking and also large rock-slab land sliding . 

. -. -._---------------



10 km 

i 
N 

Fig. 1.2 

Figure 1.1 Map of rupture trace for the 1983 Borah Peak, Idaho, 
earthquake from Crone et al. (1987) and mapping by the author. The 
location for figures showing previously undocumented ruptures are 
indicated. The focal mechanism for the event (Doser and Smith, 1985), is 
located at the epicenter with size proportional to hOrizontal location 
uncertainty (Richins et al., 1987). Named rupture sections are from Crone 
et al. (1987). The ruptures illustrated in Figure 1.2 are within the 
boundary of the Thousand Springs and Mackay (not shown) segments of 
the Lost River fault. 

15 
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The most important "new" features are located at the south end of 

faulting wiUlin the boundary between the Thousand Springs and 

Mac1tay fault segments (Figures 1.1 and 1.2). These ruptures are 

important because they provide a more complete understanding of the 

Borah Peak earUlquake, and thus deformation associated with normal

fault earthquakes in general. 

Detailed descriptions of the new ruptures are given using 

Figures 1.2, 1.3, and 1.5 which are maps of localized areas containing 

previously undocumented surface ruptures. The location of these 

detailed maps is shown on Figure 1.1, and Figure 1. 2 is found in the 

map pocket of this document. 

Background 

The previously undocumented surface ruptures were mapped in 

1988 and 1989, so how do we know they formed during the 1983 

earthqual~e? First, the major new rupture traces merge with, or are 

an obvious extension of, the previously mapped rupture along the 

range-front fault. Second, the degraded character of new scarps and 

cracks is identical to those previously mapped, and third, there is no 

satisfactory alternative explanation. For example, no Significant 

aftershocks (Richins et al., 1987) were located down dip from the 

ruptures, no fault creep has been documented, and ext.reme 

precipitation that might cause landslides did not occur during the 

intervening years. 
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Why weren't these ruptures found during the original mapping? 

The many individuals who contributed to the published maps in Crone 

et al. (1987) did an excellent job. The newly discovered scarps and 

ground cracks are not. visible from a dist.ance. Many of the important 

features are in bedrock of the footwall, under tree cover more than a 

thousand feet of altitude above the range-front fault. Aerial 

photographs tal~en immediately after the earthquake eliel not cover the 

areas discusseel here. Ruptures within the segment boundary merge 

with the range-front trace along zones of low scarps and ground 

cracl~s that are en echelon and discontinuous, and thus are difficult to 

follow on steep hillslopes. Lastly, minor features such as small rifts 

and ground cracks with little vertical displacement may have been 

easier to find llve years after the earthqual~e because erosion and 

collapse may have made them more visible. 

By way of historical development, David Susong mapped bedrock 

and structures of the boundary between the Thousand Springs and 

Mackay fault segments as a Masters tllesis project (Susong, 1987). He 

noted fresh rupt.ures at two high alUtude locations on his unpublished 

map. Vincent initially thought tllese might be shaking-induced 

features until he found scarps at a third location late in the summer of 

1988. Beth Geiger and Susanne Janecke then found a scarp at a 

fourth location. Together the four locations suggested that faulting 

during the 1983 earthqual~e had penetrated the segment boundary. 

In addition, Bruce Cochran discovered the rupture trace on the flank 

of Dickey Peal~ near tlle Doublespring Pass Road. Although Vincent 
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mapped what turned out to be the extensive and widely distributed 

scarps and ground cracks discussed here, he is indebted to the above 

people for their clues, discussions. and encouragement. 

The question has been asked "Did you really see faulting in 

bedrock?". There are faulted outcrops, but ruptured soil on bedrock 

is more important, reliable and abundant. Fault disturbance was 

traced through outcrops. but it was difficult to put a finger on a fault 

surface amid jumbled blocl{s and rock fall let alone fInd something 

reliable to use as an indication of displacement. Most ruptures were 

observed as a scarp or open crack in soil mantling bedrock on 

hillslopes inclined 15 to 35°. The hillslope soils are uniformly thin 

(often less than 1 m thick) and consist. of a surface horizon of silty

colluvium hosting sagebrush and bunch grass (or foresO, over 

colluvium and physically weathered bedrock. A scarp in these soils is 

easy to measure and should accurately reflect displacement. in t.he 

rock below. 

Methods 

Fault scarps and cracks were mapped on aerial photograph 

overlays, and transferred to 7.5 minute topographic maps using a 

stereographic plott.er. Net throw of the ground surface (apparent 

vertical displacement) was measured at ideal locations; specifIcally 

where other defonnation like sagging, tilting or bulging of the ground 

surface appeared to not be present, and where the ground surface 

appeared smooth and formerly continuous. Most. measurements were 
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made on hillslopes of colluvi::.tl-soil mantling bedrock. At several 

locations offset stream beds or terraces were measured. The 

measurement is essentially a reconstruction of the pre-faulting ground 

surface. and although made by eye it is correlative with longitudinal 

profile reconstruction discussed in Chapter 5. By standing or 

kneeling on the down-thrown surface with an eye in the pr~iection of 

tile plane of the up-thrown surface. the vertical offset of the surface 

was measured with a tape. Considering the nat.ural roughness of the 

soil surface and vegetation cover. measurements were often made at 

several nearby locations and averaged. All values reported on Figures 

1.2 and 1.5 are rounded to t.he nearest decimeter. except where 

measurements were conSistently 15 cm. Scarps less than 10 cm high 

and open cracks were mapped but not distinguished from one another 

on the figures. The reported values are field measurements of throw 

and have not been converted to true vertical displacement as outlined 

in Chapter 5. At several locations on Figure 1.2. 1983 ruptures were 

found at the foot of prehistoric scarps. Where quality measurements 

could be made. the sum or combined displacement for the 1983 and 

prehistoric earthquakes were measured. 

Three-point calculations of fault dip were made using the 

rupture trace. for example. through Sawmill Gulch. and both traces 

through the Elkhorn Creek valley (Figure 1.2). Some calculations are 

subjective due to the presence of multiple. sub-parallel rupture 

strands. 
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Shaking Induced Ruptures 

Surface ruptures can result from intense ground shaking and 

this is the origin for a few of tile prcviously undocumcnted 1983 

ruptures. Site charactcristics. including topographic apexes. arc 

known to intcnsi(y seismic ground motion which can produce surfacc 

ruptures (Bonamassa and Vidale. 1991; Ponti and Wclls. 1991; 

Campillo et al .. 1989). Surface rupture can also accompany 

liquefaction (Youd et al .. 1985), although that process is not the 

subject here. At a variety of locations in thc study area. 1983 ruptures 

were found isolated on ridge crests Witll tile best example at point M 

on Figure 1.2. An enlarged view of those ruptures is included on the 

topographic map of Figure 1.3. The ruptures parallel (in general) the 

ridge crest. they are oriented perpendicular to tile range front fault. 

and could not be traced latteraly into any ruptures known to be caused 

by faulting. Individual ruptures curve downhill and end. and locally 

the termination is in shattered or jumblcd bedrock. One trace forks 

into two ruptures tilat have opposing dips. The ridge crest appeared 

to have been spread or widened by these ruptures. This type of 

feature is interpreted to be the result of intense ground shaking. 

perhaps caused by seismic waves focused at a topographic apex. As 

such they are interesting. but do not tell us about faulting. 
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Figure 1.3 Surface ruptures caused by intense ground shaldng on a 

ridge crest east of the main trace of the 1983 rupture. The map 

shows part of Section 23. T9N. R22E. and is an enlarged view of the 

area near point M on Figure 1.2. The rupture trace along the 

range-front fault 1s modified from Crone et al.. 1987. 
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Ruptures in the Segment Boundary 

The southern section of the surface rupture trace created during 

the 1983 earthquake was thought to be largely confined to the range

front fault at the foot of the mountain. and terminate near Elkhorn 

Creek (Crone et aI.. 1987). In reality. however. the 1983 ruptures 

splay from the range-front fault. trace up the mountain face. branch. 

and extend much further south than Elkhorn Creek (Figure 1.2). 

According to the original map (Plate 1 of Crone et al .. 1987) the 

trace of continuous ruptures ends at point A on Figure 1.2. and south 

along the trend of the range-front fault only discontinuous and diffuse 

small scarps and cracks have been observed. The original workers 

also documented a trace crossing Elkhorn Creek between points C 

and D (Figure 1.2). The rupture termination was curious because it 

meant there was a 4 km long gap in late Quaternary fault scarps 

between the Thousand Springs segment and the Mackay fault segment 

to the south (Scott et al. 1985). 

This area where ruptures appeared to terminate coincides with 

an abrupt bend (:::: 55°) in the otherwise linear range front. and is at 

the northwestern edge of what is discussed as a barrier to rupture or a 

fault segment boundary (Scott et a1.. 1985; Crone et al .. 1987; Susong 

et a1. 1990; Bruhn et al .. 1990; and Janecke. 1993). The segment 

boundary. extending from point A to point Q on the map. is an area of 

hills that stair-step up to the high pealts. The geology is dominated by 

Cambrian to Ordovician strata and structures include multiple. sub

parallel normal-faults in bedrock that trend either NW or NE to NNE 

- - ..... __ . __ .. _- ---------
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(Susong, et aI, 1990). The NE trending faults have created a 

st.ructural horst within what is now the segment. boundary. The horst 

was creat.ed during Eocene time and may have contributed to the 

location or style of t.he boundary created in the late Tertiary, but some 

of the NE trending faults Jllay have developed during the growth of the 

segment boundary. The NW t.rending normal faults systematically cut 

the NE-st.riking faults, and are related to ongoing tectonism (Susong, 

et aI, 1990; ; and Janecke, 1993). 

In addition to what has been previously mapped on or near the 

range-front fault., there are at least 10 l{m of fault scarps and ground 

cracks within the segment boundary (Figure l.2). Faulting within the 

boundary is distributed over an area of about 15 square km. The 

ruptures range in altitude from 7000 to almost 10,000 feet (2100 to 

3050 m), and tl1ey are found on the mountain as much as 2.5 km 

(horizontal distance) from the range-front fault. The ruptures extend 

about 5 km south of Elkhorn Creek. This means the surface trace of 

the 1983 eart.hquake is Significantly longer t.han previously thought, 

and t.hat ruptures penetrated deeply into the fault segment boundary. 

The surface ruptures will be discussed as three separate traces 

or zones of rupture. (1) The first trace is the one along the range

front fault. (2) The second zone of rupture starts at point A. From 

there it ext.ends uphill, swings close to point B and gradually ext.ends 

downhill toward point C, crosses Elkhorn Creek and dies out at point 

D. This trace consists of nearly continuous but complicated scarps 

which occur as single scarps, multiple parallel scarps, and en eshelon 
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curved scarps. (3) The last important t.race extends from point F to 

point L and, in contrast., it occurs as Single, long continuous scarps in 

soil mantled bedrock. 

Block-Glide Landslide Scarps 

The rupt.ure trace A-B-C-D is interpreted to be the head scarp, 

in effect. for a large block-glide type of landslide t.riggered by the 

earthquake. The evidence is discussed fIrst, before that conclusion is 

developed, starting with the range-front fault. The apparent vertical 

surface displacement on the range front fault diminishes gradually 

toward the south (Chapter 5). to a magnitude of about 1 m at point A 

on Figure 1.2. North of point A, t.he continuous ruptures are clearly 

the surface expression of faulting at depth. South of point A, in 

contrast, rupture along the projection of the range-front fault consists 

of a zone of scattered ground cracks and small scarps, and within that 

zone are both 1983 and prehistoric uphill-facing scarps. This zone of 

diffuse 1983 rupture and the uphill facing scarps are unusual, and 

were difficult: to understand (Crone et a1., 1987). In particular, the 

east-dipping, uphill-facing scarps were originally considered an 

enigma because all other scarps dip west in accord with the range 

front fa.ult. Previous workers have explained uphill-facing scarps by a 

variety of gravity processes not related t.o earthquakes (Bovis, 1982) 

and as caused by seismic shaking (Beck, 1968). If the zone of diffuse 

rupture was caused only by shaking, vertical dislocation of the range

front fault: had to decrease from 1 m to zero abruptly at point A. 
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We now have additional evidence. From point A surface ruptures 

turn directly uphill as left-st.epping. curved en eshelon scarps. The 

scarps crest in a talus field at point B where they t.urn south toward 

point C. Close to point B the apparent vertical displacement of 

alluviulll is 0.9 m. and just to the south the rupt.ure fori{s with 

displacement magnitude divided between the two traces. There is 

about 0.3 m of displacement on the trace trending east. and 0.6 m of 

displacement on the trace trending toward C. The lower. east

striking scarp trends toward point F before abruptly turning south 

where it extends up and over the nose of a long shattered ridge and 

then downhill to E where it is lost in a large fIeld of talus. On the 

south-trending fork displacement magnitude decreases. is less than 

0.2 m close to Elkhorn Creek. and rupture is not evident beyond point 

D. 

Rupture trace A-8-C-D has the map pattern of an inclined plane 

cutUng topography. Numerous three point calculations for the dip of 

the slip-surface were made at a variety of altitudes. The result is a 

rather consistent dip of 30° Wand strike of N 30° W (the range of 

calculations was 28 to 35° W and N 20-33° W). The slip surface 

appears to be fairly planar. Surface topography. the known position of 

ruptures. and the geometry of the slip surface were used to construct 

Figure 1.4 which is a cross section through points P and N on Figure 

1.2. The cross section suggests that the slab of Quartzite 
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resting on the 30° dipping slip-surface is only about 100 111 thiclc To 

the north the slab thins to zero at point A, and to the south it thickens 

to 300 or 400 m near points C and D. 

The dip of the range front fault is known to be close to 49° W 

(Chapter 3) with local strike = N 100 W. The range-front fault was 

projected into the cross section with appropriate apparent-dip. The 

A-B-C-D slip surface eVidentIy intersects the range front fault 

underneath the zone of diffuse 1983 surface ruptures. Near the cross 

section tile slab is thin and is apparently detached from the hanging 

wall of the range-front fault, tI1US it could not be pulled into motion by 

the elastic process of faulting on the range-front fault. Therefore, 

trace A-B-C-D is considered the head scarp of a block-glide landslide. 

Because of its planar slip-surface the landslide is referred to as block

glide (block-slide of Varnes, 1958). 

The slab is now mobilized indirectly by elastic strain release. 

Faulting along the range front acts to lower the abutment at the foot of 

the slab, and sliding is augmented by ground shaking. An additional 

potential cause of motion is discussed later. According to this model, 

the slab would slide down and over tile change in dip at tile range 

front fault as depicted on Figure 1.4. This would act to obscure the 

surface expression of rupture on the range front fault, and create tile 

observed zone of ground cracks and the enigmatic uphill-facing 

scarps. In addition to sliding downhill, the decrease in displacement 

along the north-south margin of the slide indicates tile slab also 

rotated counter-clockwise about point D on Figure 1.2. 
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The slip surface defIned by paints A-B-C-D is not. new. 

Prehistoric rupt.ure scarps attest. it was not created in 1983, nor 

probably in the Holocene. In addition, Susong et. al. (1990) mapped a 

normal fault in bedrock t.hat. extends southeast. from 1983 rupt.ure 

trace C-D, although the position and dip of t.he bedrock fault are not 

well const.rained. This suggests an old fault was remobilized in 1983. 

The rock slab t.hat. moved during the earthquake may be the erosional 

remnant of the tapered end of a fault-bound crustal block. A block 

that was once entirely bound above by the range front fault and below 

by a low angle fault in the segment. boundary. But t.hat portion of the 

rock slab that moved is now exhumed from depth, lifted from the 

confInement of the range front. fault by repeated earthquakes. 

If the above models are true several conclusions can be made. 

First, 1983 rupture on the range-front fault probably extends from 

point A to just past Ell{horn Creek, with tectonic throw decreasing 

from 1 m to zero over that 3 km distance. Second, the hillslope 

triangular facet outlined by paints A, Band C is not a fault surface that 

is being actively eroded, rather it is a fault that is being actively 

exhumed by tectonism. Regardless of origin, there is a catastrophic 

rock avalanche (Yarnold and Lombard, 1989) in the malting above 

Whisky Springs, although it may not fail during the next several 

seismogenic cycles. 
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Ruptures Caused by Elastic Strain Release 

The 1983 ruptures located between points F and L on Figure 1.2 

appear to be legitimate fault scarps. The zone consists of several long, 

continuous, and uncomplicated traces. The trace between points F 

and G is continuous except where obscured by talus and defInes a 

plane dipping close to 400 W (the range of all three poiut calculations 

was dip 30-GO° Wand strike = N 50-60 0 W). The trace is lost in thiclt 

morainal deposits at point G. Small discontinuous scarps are observed 

crossing Vance Canyon west of point I-I, and although partially 

obscured by morainal deposits they appear to extend to point I. Trace 

I-K-L defines a rupt.ure surface dipping 30 to 500 W (strike ~ N 500 W). 

The curved trace between pOints J and K is a shallow dipping (~ 250
) 

structure that may accommodate transfer of displacement from trace 

F-G to trace I-I-L. The apparent vertical displacement is fairly uniform 

along individual traces. Consider the zone as a whole. If 

displacement values, 111at are on different traces but are at similar 

positions along strike, are added together the surface throw is 

remarkably uniform, at 30 cm, between pOints F and K. Lastly, the F-L 

rupture zone is consistent with a bedrock fault that must exist in 111e 

viCinity because of a repeated section of Ordovician-Cambrian rocks 

(Susong et al., 1990). Each of Ulese lines of evidence suggest the 

rupt.ure zone between points F and L are the result of tectonic 

dislocation. 

It is possible that rupture on trace F-L extends to the Lost River 

fault. At point F 111e rupture trace disappeared on the steep hillslope, 
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and to the north it could not be found along trend on the ridge crest:. 

although ruptures off-trend were observed. However the east

trending forlt (between points B and C) is plausibly the extension of 

the F-L fault zone with only a minor change in strike. The 

displacement of the short fork is 30 COl, the same as that on the F-L 

fault zone, but perhaps only coincidentally. If the short fork is part of 

the fault zone, t.hen faulting occurred at the sole of the block-glide slab 

and may have contributed to it.s sliding. 

1983 rupture along t.he range front occurred on a single trace, 

and dissipat.ed where low magnitude displacement. transferred to 

multiple traces witilin the segment. boundary. Bedrock faults trending 

NE were not reactivated during the earthquake, however NW trending 

faults were reactivated. Ruptured was not barred from the segment 

boundary, but rupture was arrested within the boundary. This appears 

to be the case for previous earthqualtes as well. 

Dickey Peak Rupture Trace 

An additional previously undocumented rupture trace 

(illustrated on Figure 1.5) is located south of Dickey Pealt (Figure 1.1) 

and is east of and subparallel to ruptures on the range-front fault. The 

scarp is 1.9 km long and ruptured hillslopes of a bedrock ridge with 

average throw of 30 cm. That ridge extends south from Dickey Pealt, 

hence the informal name of the new trace is the "Dickey Pealt" trace. 

The peak (not shown) is 1.1 km nortil of figure 1.5, and the trace is 

also about 2 km west of the Doublespring Pass Road. 



Figure 1.5 Map of the "Dickey Peak" rupture trace: previously 
undocumented 1983 surface ruptures east of Poison Spring (in 
Sections 8 and 17, TI0N, R22E) on a ridge that extends south 
from Dickey Peak. The Doublespring Pass Road is ",2 1un east of 
figure. The main Borah Peak earthquake rupture trace, west of 
POison Spring, modified from Crone et al. (1987). Displacements 
are shown in centimeters. The arrow just north of the trench site 
shows 2300 azimuth of horizontal slip vector. 

31 
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This trace follows a prehistoric fault scarp, and is important in part 

because a trench excavated across the scarp revealed charcoal that 

constrains the age of the pre-Boral1 Peak eart.hquake (Chapter 2). 

The Dickey Pealt trace consist.s of three sections. The northern 

and southern sections both have surface throw of ",30 centimeters. 

The southern section probably has strike of 150° (the same as the 

range front fault), and the northern section conceivably has that same 

strike. If true. they appear to be steeply dipping (45° to 65°), and 

parallel but olfset planes. The central section has near vertical dip 

with strike trending just east of north. As such, the central section 

appears to be an accoIlllllodation zone between the two adjoining 

rupture planes. This right.-stepping fault is a smaller version of t.he 

nearby right.-st.ep in t.he Lost. River fault at tile West Spring Block (fault. 

section #5, Chapt.er 4). 

The sout.hern part of the Dickey Pealt rupture is in map Section 

17 on Figure 1.5. The rupture is first observed as a ground crack 

emerging from a sout.h-southwest draining gulch. but. becomes a 20 

centimet.er high escarpment. that. crosses the ridge and descends the 

other side where it roughly parallels tile 8200 foot. contour. Alt.hough 

linear open cracks were observed on the ridge crest. tile main t.race 

witil average throw of 30 centimeters is located east and downhill 

from tile crest. That section of the main rupture trace is unusual 

because the fault dips west into the hillslope and projects underncat.h 

the ridge crest. The result of displacement at one location (labeled 

"trench site" on Figure 1.5) was a closed depression created in an 
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otherwise steep hillslope. The dip direction is known by the way the 

trace crosses topography, as well as the exposure of the fault in Ule 

trench illustrated on Figure 2.1. The strike is azimuth 151°, using 

the two locations where t.he trace crosses the 8200 foot contour, (the 

same as the more well constrained azimuth of 150° for the main 1983 

rupture trace at the fool of the range fronO. A three point calculation 

produces an inaccurate dip magnitude of 35°, but the dip of the fault 

zone in Ule trench exposure is closer to 65°. 

From the trench site, the trace trends nortil-northwest and 

extends uphill almost to the 8400 foot contour where it makes an 

abrupt 32° bend to trend just east of nortil. This north-northeast 

section of the trace crosses topography as a vertical plane would, and a 

relatively large and open rift accompanies the more typical down-to

the-west normal displacement. An estimate of net horizontal 

displacement was made along this section of the trace. The hillslope 

surface is turf, bound by grass and sage brush roots, and at one 

location the turf was rifted along a distinct jagged line. The two 

jagged edges of the rift were preserved and this allowed measurement 

of 30 centimeters of net horizontal motion along azimuth of 

approximately 230°. This azimuth is shown with an arrow on Figure 

1.5 (and is similar to the 209° azimuth of the net slip vector measured 

for the range front fault in Chapter 3). Using this data, and the strike 

and vertical displacement data for the southern rupture section, a dip 

of 45.4° is calculated for the southern section. 
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A second north-northeast trending trace is observed, aJter 

jumping a short gap in surface rupture, also with average throw of 30 

centimeters. This trace is fairly linear and climbs to an altitude of 

2960 m (9720 11) before it disappears in a talus field above the tree 

line. The talus field obscures clear-cut evidence of rupt.ure, however 

a line of disturbed talus suggests the rupture ascends close to the 

10,000 foot contour on Figure 1.5 before descending toward a west

draining gulch. If an azimut.h of 150° is assumed for this section of the 

rupture, the rupture surface dips west at 54°. 

The Dickey Peak trace defines part of a triangular facet on the 

range front. The facet landform may well be the vestige of t.he Lost 

River fault plane degraded by hilIslope erosional processes. However, 

it also appears to be the site of a fault: surface being actively exhumed 

by faulting. 

Conclusions 

Additional surface ruptures, not documented previously, were 

created by t.he Borah Peal{, IdallO, eart.hqual{e. These ruptures have 

cumulative length of 12 km, and most traces were also the sites of 

rupture by prehist.oric earthquakes. Patterns of individual traces 

indicate their origin. Isolated ruptures were caused by intense ground 

shaking. At the south end of faulting a 3.3 km long arcuate zone of 

complex ruptures was caused by a block-glide landslide on the range

front. The abutment at the toe of the landslide was lowered by faulting 

on the range-front fault, allowing gravit.y and ground shalting to set it 
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into motion. On the flank of Dickey Peak there is a "" 2 km long 

continuous rupture trace with low displaccmcnt. This is probably a 

fault, and as such it is a subsidiary zone of rupture sub-parallcl to thc 

range-front fault. 

Most importantly, there is a > 5 km long zone of long continuous 

scarps within the segment boundary, and these were created by 

faulting. Thus the 1983 rupture penetrated 72% of the width of the 

segment boundary, but did not pass through it to the Mackay segment. 

This zone of fault scarps is at least 5.4 km long. but it may branch 

from the range-front fault with surface trace obscurcd by the block

glide landslide. If true that: fault zone is 7.1 km long. Previous 

workers subdivided the Borah Peak rupture trace into three sections: 

the southern, western, and northern sections (Crone and Machette, 

1984). The fault zone discussed here within the Thousand 

Springs/Mackay segment boundary should be considered the fourth 

Borah Peak rupture section. Crone et al. (1987, p. 744) measured the 

lengths of surface faulting including a minimum total-length span of 

33.3 km, which is essentially the distance from just SOUill of Elkhorn 

Creek to just south of McGowan Creek. To account for faulting in the 

segment boundary, an additional 5 km should be included bringing the 

minimum lengUl to 38.3 km or 15% longer than previously thought. 

There is no gap in Quaternary rupture between the Thousand 

Springs and Mackay fault. segments. The 1983, and prehistoric, 

ruptures within the segment boundary adds weight to the ideas of 

Susong et al. 1990; Bruhn et al., 1990; and Janecke, 1993. They 
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believe the set of NW t.rending faults in tile boundary accommodat.es 

tile 55° bend in t.he range front and is t.he interaction zone of faulting 

on t.he Thousand Springs and Mackay fault segments. 

Triangular facets on t.ect.onically active mountain fronts are 

usually described as the vestige of a fault plane degraded by hillslope 

erosional processes. However, triangular facets may also be the site of 

active exhumation of a fault surface by mass movement processes 

related to tectonism. 



CHAPTER 2 

AGE OF THE PRE-1983 EARTHQUAKE ON THE 

THOUSAND SPRINGS SEGMENT OF THE LOST RIVER 

FAULT, IDAHO 

Introduction 
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The timing of ground breaking earthquakes is important because 

it allows calculation of earthquake return times and slip rates, and this 

is true for earthqualtes that have occurred along the Lost River fault. 

The surface ruptures of the 1983 Borall Peak, Idaho, earthquake 

occurred along a prehistoric fault scarp (Crone et al., 1987), but the age 

of this scarp is uncertain. Numerous authors have debated t11e age of 

t11e pre-1983 earthqualte, but a consensus has not developed. This 

chapter brings to bear on this old question new 14C dating of charcoal 

that is placed into the stratigraphic and fault cross-cutting sequence of 

events. 

Background 

Most investigations of the age of the prehistoric earthquake, t11at 

most recently caused surface rupture along the Thousand Springs 

segment of the Lost River fault, have been undertaken in a relatively 

small area. That area centers on Willow Creek (Doublespring Pass 

Road) and Rock Creek which can be located on Figure 1.1. 



38 

Hait and Scott (1978) excavated a trench across the prehistoric 

fault scarp at the Doublespring Pass Road. They reported that only one 

earthquake had faulted the prominent Willow Creek alluvial fan and 

provided a minimum age of 500 years based on a grove of trees growing 

in a fault sag. Scott (1982) mapped the fan as outwash from the most 

recent (Pinedale) glaciation, and Pierce and Scott (1982) estimated the 

age of the surface to be about 15,000 years old. Thus before the Borall 

Peak earthqualte the age of the prehistoric event was thought to be 

Holocene or latest Pleistocene (500 to 15,000 years). 

Following the 1983 earthqualte, work intensified on the age of the 

prehistOric event in part because of the opportunity to quantify the 

duration of a full earthqualte cycle. For example, the trench of Hait and 

Scott (1978) was re-excavated (see Crone, 1985) but again datable 

material was not discovered. However, Scott et al. (1985) evaluated 

calcium carbonate soils exposed in the reopened trench and compared 

them with the soil of the undisturbed alluvial fan. They concluded the 

prehistoric earthquake occurred in early Holocene or latest. Pleist.ocene 

time (Scott et al., 1985). 

Numerical constraints for the minimum age of the event. are 

available. At "Wishbone Spring" near Willow Creek, Cluer (1988) 

discovered charcoal in a silt.y deposit that overlies the prehist.oric fault 

scarp, and the age of the sample is 530 ± 80 radiocarbon years before 

present.. Cluer (1988) also concurred with Vincent (1985) that. the low 

terrace along Rock Creek is the oldest terrace in the area not faulted by 

the prehistoric event.. Vincent et al. (1994) discovered charcoal in 

.. _-. ~---------------
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stratigraphy of that terrace which provides a minimum age for the 

terrace and hence the earthquake. The age of that charcoal (sample A-

5172) is 490 ± 120 radiocarbon years before present (1950). A 

minimum age of 500 years for the earthquake is thus well established. 

There is a low terrace, not faulted by the prehistoric earthqualte, along 

the stream that is:::: 100 m north of Birch Springs (north of Cedar Cr.). 

The degree of soil development on this terrace has been documented. 

This documentation is simply the mean thickness of secondary calcium 

carbonate coatings on the bottom of pebbles from the most developed 

soil horizon, and the method is discussed in detail in Vincent et al. 

(1994) following Pierce and Scott (1982). The mean thickness of 

coatings from each of two soil pits is 0.14 mm. Using the calibrated soil 

chronosequence for the Lost River Valley in Vincent et al. (1994), a soil 

with mean coating thickness of 0.14 mm is about 1,000 years old. Thus 

the prehistoric fault scarp is greater than 1,000 years old. Although 

well established, these minimum ages are not very helpful because all 

other age estimates for the earthqualte exceed 5,000 years. 

Maximum age constraints other than the latest Pleistocene fan 

have been discussed. Vincent (1985) observed that tlle outwash fan was 

not the youngest fluvial surface cut by the prehistoric event. Rather, 

the paleo-eartllquake also displaced a stream terrace along Willow Creek 

informally called the Rabbit Brush terrace. Vincent (1985) tentatively 

suggested an age of middle to early Holocene for the terrace but his logic 

is now rejected. The author subsequently documented the degree of soil 

development on the Rabbit Brush terrace and found it essentially 
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identical to that on the fan. Based on carbonate coating thickness data 

from four soil pits, the average ofthe four mean-thickness values is 1.09 

mm for the alluvial fan (Vincent et al., 1994). The mean coating 

tllickness for tlle younger Rabbit Brush terrace is 1.05 mm. Thus the 

terrace and the fan are quite similar in age. This conclusion is 

supported by similar observations by bOtll Pierce and Scott (1982) and 

Pierce and Colman (1986). Working in the Lost River Valley, those 

authors concluded that during a very short period of time 1) the 

outwash fans stopped aggrading, 2) the fans were incised and inset 

terraces were formed, and 3) tlle efficacy of the fluvial system decreased 

dramatically. Therefore, bOtll the Rabbit Brush terrace and the Willow 

Creek fan provide tlle same latest Pleistocene maximum age for tlle 

prehistoric earthqual\.e. The Similarity of the ages of the terrace and fan 

is important to the following discussion. 

Cluer (1988) mapped the glacial and alluvial deposits in the 

Willow Creek valley, at Doublespring Pass, and at Rock Creek in an 

attempt to constrain the age ofthe prehistoric earthqual\.e. Specifically, 

Cluer (1988) correlated numerical age constraints found in a glacial 

kettle on Doublespring Pass with the Rabbit Brush terrace (called Qo4b 

by Cluer, 1988) along Willow Creek at the fault. There may be 

correlation uncertainties because the glacial features are on 

Doublespring Pass whereas the stream terraces are in the Willow Creek 

valley below. The two types of deposits are connected by a steep 

"deglacial erosional channel". 
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Cluer's (I988) numerical age constraints come from a pit 

excavated into the bottom of a glacial kettle associated with the moraine 

complex that is behind the Pinedale terminus. Essentially three 

stratigraphic units were observed. A "silt" deposit overlies a deposit of 

Mt. Mazama ash along a bioturbated contact. The ash is thick (:::; 40 cm) 

by local standards and may have been, in part, reworked from the 

adjacent kettle hillslopes. The ash unit overlies "till", and :::: 10 cm below 

the contact a small piece of charcoal was discovered within the "till". 

The charcoal has an age of 8470 ± 160 radiocarbon years before 

present. Cluer prefers the hypothesis that the lower unit is in-place till 

- ti1US the charcoal would provide an age of tile latest glaciation, the 

age of tile Rabbit Brush terrace, and a maximum age for tile prehistoric 

eart1lqualte. However, Cluer aclmowledges the till may have been 

reworked by transport from tile sides of tile kettle - ti1US the charcoal 

would postdate the glaciation and provide no age constraint for the 

earthqualte. This autilor prefers tile latter interpretation for two 

reasons, witiloUt arguing tile efficacy of hillslope transport processes. 

First, glaciation at"" 8,500 years ago conflicts witil regional climatic 

reconstructions utilizing paleobotanical data. For example, Davis et al. 

(1986)' Beiswenger (1991), and Whitlock (1993) all believe the period 

roughly between 5,000 and 10.000 radiocarbon years ago was warm 

and dry compared to earlier glacial times. Second, if tile Willow Creek 

fan is "" 15,000 years old and tile Rabbit Brush terrace is "" 8,500 years 

old, how can tlley host essentially identical soils? Note tilese soils have 

tile same climate, vegetation, aspect. and parent material . 

...... .• ------.-----------
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Cochran (1985) excavated several trenches along the Thousand 

Springs segment to evaluate relations between faulting and volcanic 

ash, but provided only spartan description of observations. No primary 

layer of volcanic ash was observed suggesting to him the prehistoric 

earthqualte occurred after ash falls. However, reworked Mt. Mazama 

Layer 0 ash ("" 6,700 yr. B.P.) was identified in a depositional unit 

("Qfy2") that overlies all oUler deposits in his "WCS-Tl" trench. The 

basal contact of the surficial unit is locally an erosional unconformitity 

that truncates fissures created by a paleo-earthqualte, and the unit 

grades upward from gravel to massive silt. Without explanation, 

Cochran (1985) suggests the presence of reworked ash in the surficial 

unit indicates the pre-1983 earthquake occurred after the ash fall. 

Hanks and Schwartz (1987) reinterpreted Cochran's trench log and 

came to the opposite conclusion. The pre-1983 earthquake created a 

multi-trace escarpment, part of the sc.arp was eroded, and deposition 

followed incorporating Mazama ash that fell on the inclined 

transport/deposition surface of the "Qfy2" unit. In short, they believe 

the earthqualte occurred prior to the Mazama ash fall, prior to "" 6,700 

years ago. 

Salyards (1985) and Hanks and Schwartz (1987) evaluated the age 

of the prehistoric fault scarp by modeling its shape with a linear 

diffusion equation. Normally the entire scarp is modeled, however the 

1983 earthquake ruptured along the older scarp thus only the 

undisturbed upper (erosional) portion of the scarp could be utilized. 

The modeling produces a "kt" product where t is the apparent age of the 
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scarp and k is the "diffusivity constant". Both studies calculated age by 

assuming a k = 1.1 m2/1m t.hat had been derived for dated shoreline 

scarps in Utall and Nevada (see Hanks and Schwartz, 1987). Salyards 

(1985) kt data ranged from 1 to> 10 m2 , but he preferred a kt value of 

6.2 m2 with associated age of 5,600 years. Hanks and Schwartz (1987) 

reported kt values of 6.25, 9.0, and 12.25 m2 . Using the above value for 

k the respective ages are 5,700,8,200, and 11,100 years. Hanks and 

Schwartz prefer the middle value of"" 8,000 years for the age of the 

prehistoric scarp. 

New Maximum Age Constraint 

A new maximum age constraint for the paleo-earthquake is 

provided by a site at the southern end of the Thousand Springs segment 

of the fault. First, it has been repeatedly observed that the 1983 

earthquake ruptured along a prior fault scarp, and where the scarp was 

in post-glacial (Pinedale) materials the apparent displacement of the two 

events was similar (Chapter I, this report; Crone et al., 1987; Scott et 

al., 1985; Schwartz and Crone, 1985; Vincent, 1985; Salyards, 1985; 

Crone and Machette, 1984). Where this is true, particularly along the 

Thousand Springs segment, it is safe to assume the older scarp was 

created by the prehist.oric earthqual{e under discussion here. 

The new study site is along Elkhorn Creek, speciflcally between 

points C and 0 on Figure 1.2. In that area Elkhorn Creek is within a 

steep-sided gulch cut 3 to 4 m into the surface of a Quaternary fan. 

1\vo 1983 rupture strands cross Elkhorn Creel{, but your attention is 

... _ .. __ ._--------------
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directed to the northeasterly strand next to the 7120 foot contour on 

Figure 1.2. That 1983 rupture crosses both a spring in the bed of 

Elkhorn Creek, and peaty spring deposits (now dry) remarkably located 

on the fan surface just to the south of the stream. Between the two 

springs, the 1983 rupture trace follows at. the foot of a low « 20 cm 

high) prehistoric fault scarp. At that location, the surficial fan deposit is 

sandy gravel one meter in thickness that rests upon a dark organic A 

horizon of an older soil. The dry color of tile A horizon is very dark 

grayish brown (lOYR 3/2) and the moist color is black (lOYR 2/1). The 

horizon contains small particles of charcoal and can be traced more 

than 40 m in tile stream cut. The color and charcoal of the A horizon is 

interpreted to be the result of a fire burning local riparian vegetation 

and litter. This fire was prior to deposition of the overlying sandy gravel, 

which in turn predates both the prehistoric earthqualte and Borah Peak 

earthquake. The age of charcoal residue from the A horizon (sample A-

5167a) is 9,710 ± 240 radiocarbon years, and provides a new maximum 

age for the prehistoric earthqualte (Vincent et al., 1994). 

New Minimum Age Constraint 

A new minimum-age constraint for tile paleo-earthquake is 

provided by a trench excavated into the previously undocumented 

"Dickey Pealt" rupture trace (Figure 1.5). Along the Dickey Peal{ trace, 

the Borah Peak earthqualte ruptures followed exactly tlle trace of the 

penultimate eartllqual{e. That earlier trace is clearly visible on pre-1983 

aerial photographs, for example see the 8/4/79 V.S.D.A. photograph 16 

.. _-------------------
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614060779-120. That prior event created a closed topographic 

depression on a steep hillslope, and the depression with area measuring 

about 7 by 50 meters was subsequently partially filled with colluvium. 

A backhoe trench was excavated into the topographic depression 

revealing stratigraphy and charcoal that helps constrain the age of the 

pre-1983 earthqualte. 

A log of the trench exposure is presented on Figure 2.1. The 1983 

earthqualte only slightly enhanced the deep depression, as illustrated by 

tlle ",,30 centimeters of vertical displacement of the ground surface. 

Elsewhere along that rupture trace, evidence suggests bOtll earthqualtes 

resulted in net displacement of tlle same order of magnitude, therefore 

tlle depression is probably a graben with an unseen antithetic fault 

located to the left of tlle trench. The backhoe could not maneuver to 

excavate furtller left on Figure 2.1. 

To evaluate the trench log one must recognize tllat all units are 

eitller bedrock or hillslope colluvium. This trench is unusual in that 

most fault trenches are excavated into fluvial deposits. Bedrock at the 

site is weathered shale of the McGowan Creek formation (Susanne 

Janecke, oral communication, 1989). Unless otherwise noted, all 

colluvial units are silty deposits dominated by angular, gravel-sized rock 

fragments < 10 cm in dianlCter. Above the bedrock (Figure 2.1) is a unit 

of "saprolitic colluvium". The unit is given this name because it is 

distinguishable from tlle underlying bedrock because its rock fragments 

are disaggregated, but the distance of transport of those fragments 

appeared minimal. Colluvium unit 1 is more sandy and contains 

_. _. ~---.--------------
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Figure 2.1 Trench exposure of fault zone. bedrock. and deposits of colluvium filling a closed topographic 
depression on a hillslope along the "Dickey Peak" trace of the 1983 Borah Peak earthquake surface 
rupture. Hillslopes ascend to the left and decend to the right. The view of the cross section looks north. 
and the trench site is located on Figure 1.5. The fault zone is a composite of the 1983 event and at least 
one previous earthquake. No colluvial wedge had been shed from the 1983 scarp. -l:>o 
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coarser fragments compared to overlying units, and it is the lowest unit 

containing abundant tabular rock fragments that are aligned with 

stratigraphic contacts. In addition, the rock fragments on the right side 

of unit 1 (where it laps onto the fault zone) are oriented like a wedge of 

colluvium shed from the fault scarp. Charcoal was discovered on top of 

this colluvial wedge and just below the contact of unit 2. Colluvium unit 

2 is dark colored and contains small particles of charcoal. Unit 3 is 

reddish yellow and has detectable clay content. Colluvium unit 4 is also 

dark colored and contains small particles of charcoal. The right end of 

this unit abuts against a pocket of openwork fragments that is 

apparently a rift associated with tlle fault zone. Colluvium unit 5 is tan 

colored with silt content increasing toward the surface and exhibits soil 

development consisting of an A horizon (with moderate organic content) 

and a tllin calcium carbonate (stage 1+) B horizon. Colluvium 5 is 

present on both sides of the fault and the B horizon is displaced the 

same amount as the ground surface. 

On Figure 2.1, the saprolitic colluvium is interpreted to be the soil 

mantling bedrock at tlle time of the prehistoric eartllqual{e. Colluvium 

unit 1 is the lowest unit containing abundant tabular rock fragments 

that are aligned witll stratigraphic contacts indicating Significant 

transport. The issue of transport distance is important because 

colluvium must have moved at least several meters to fill the earthquake 

depression. The aligned rock fragments on the right side of unit 1 are 

interpreted to be a wedge of colluvium shed from the prehistoric fault 

scarp. The age of the charcoal (sample AA-4867) found above tllis 
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colluvial wedge is 9,045 ± 100 radiocarbon years (Vincent et al., 1994). 

The color and charcoal particles in unit 2 suggests the unit was 

deposited following a local range fire, and the dated charcoal samplc 

may have originated in that same fire. The light color and relative fine 

texture of unit 5 conceivably reflects the incorporation of Mazama ash 

within that deposit. In conclusion, the dated charcoal sample is 

thought to have originated after the prehistoric eart.hqual{e, t.hus the 

eart.hqual{e occurred before 9,045 radiocarbon years ago. 

Conclusions 

Based on the geological relationships and dating discussed above, 

the penultimat.e eart.hqual{e along t.he Thousand Springs segment of the 

Lost River fault is thought to have occurred between 9,045 ± 100 and 

9,710 ± 240 radiocarbon years ago. Simplified to 9 to 101m, this is the 

oldest numerical age constraint. yet. produced. It. is consistent. with the 

reasoning of Scot.t. et. al. (1985) and t.he modeling results of Hanks and 

Schwartz (1987), and it does not creat.e an inconsistency with terrace 

age relationships and lmowledge of latest Quaternary climate. 

A nagging issue concerning the age of the prehistoric earthquake 

is the absence of a primary deposit of Mt. Mazama tephra in every 

trench excavated across the fault. The Mt.. Mazama Layer 0 ash 

blanketed this entire region of Idaho about 6,700 years ago (Cochran, 

1985). Cluer (1988) and Cochran (1985) have argued that the 

earthquake must be younger than the ash fall, ot.herwise a layer of ash 

would be present in the stratigraphy of fault derived topographic 



49 

depressions. This maltes sense if the rate of colluvium deposition is 

rapid, such as immediately after the scarp formed, because tlle ash 

would be quickly buried and not subject t.o near surface soil mixing 

process. The rate of deposition at the foot of a scarp must slow down 

through time, as implied by successful modeling of scarp evolution WitJl 

the diffusion equation. Therefore, an alternative argument for tlle 

absence of a primary layer of ash is t.hat the earthqualte occurred long 

before the ash fall. The sequence of events at the Dickey Peak trench 

site can be interpreted accordingly. The earthqualte creates a closed 

depression 9 or 10 tllousand years ago. Erosion of a large escarpment 

(and possibly an antithetic scarp) results in initially rapid deposition 

tllat slows through time. Some 3 thousand years after tlle earthqualte 

the ash fall occurs, but subsequently tlle deposition of colluvium is slow 

allowing rodents, other creat.ures, and plants to mix tlle ash together 

with the inflowing colluvium. This obliterates tlle primary ash layer and 

produces a light colored and silt rich surficial deposit that now hosts 

soil horizo:1s. 

These new age constraints can be used to calculate tlle slip rate 

on the Thousand Springs segment over one complete eartllqualte cycle. 

The vertical tectonic dislocation was spatially uniform along the 

Thousand springs segment for both tlle 1983 and the prehistoric 

earthqualtes (Chapter 5). In 1983 tlle displacement was about 2.1 m, 

and the cumulative displacement for the two events is 4.5 m. Thus tlle 

vertical displacement for the prehistoric event was about 2.4 m. In the 

calculation that follows an average displacement value of 2.25 m is 
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used, and 2.1 and 2.4 m are used to compound the uncertainty range. 

Since a rat.e is to be calculated t.he age constraints should be converted 

from conventional radiocarbon years to calibrated calendaric years 

before 1950. This has been done using the program of Stuiver and 

Reimer (l993), and the results below include the 2-sigma range of age 

uncertainty in parentheses. The calibrated minimum age is 9,994 

(9,857-10,223) years, and t.he calibrat.ed maximum age is 10,954 

(10,279-11,950) years. For Simplicity a "best estimate" age of 10,500 is 

used in the calculation, but the ext.remes of t.he 2-sigma uncertainties 

(9,800 and 12,000) are combined with displacement uncertainties to 

calculate the compounded, worst-case range of slip rate. The resulting 

vertical slip rate for the segment is 0.21 mm/yr with compounded 

uncertainty range of 0.18-0.24 mm/yr. This is slightly less tllan the 

long term slip rate for tile Thousand Springs segment. Scott et al. 

(1985) provide a minimum structural relief of 2.7 km and suggest tllat 

most of tile relief was created by faulting during ilie past 4 to 7 rna. 

Thus t.he long term rate would be 0.4 to 0.7 mm/yr. 
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Summary 

The age of the penultimate earthquake along the Thousand 

Springs segment of the Lost River fault is thought to have occurred 

between 9,045 ± 100 and 9,710 ± 240 radiocarbon years ago, based on 

geological relationships and C 14 dating. This 9 to 10 ka range is the 

oldest numerical age constraint yet produced, but is consistent with 

most previous estimates given the uncertainty of those estimates. These 

new age constraints can be used to calculate the slip rate over one 

complete earthqual{e cycle for the Thousand Springs segment. After 

conversion from conventional radiocarbon years to calibrated calendaric 

yeClTs, the resulting vertical tectonic slip rate for the segment is 0.21 

mm/yr, with compounded uncertainty range of 0.18-0.24 mm/yr. 

The author appreciates the help and friendship of Gordon Vaden, 

Terry Monson, Jack Martinez, and Susanne Janecke, as well as 

technical discussions with Susanne Janecke. 



CHAPTER 3 

DIRECT MEASUREMENT OF COSEISMIC EXTENSION 

USING A FAULTED BARBED-WIRE FENCE 

Introduction 
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Most geologists consider the topography and late Cenozoic 

structure of the Basin and Range province to be the result of crustal 

extension manifested by repeated earthquakes on normal faults. It is 

therefore ironic that the extensional horizontal-component of fault slip is 

not determined from surficial evidence along the rupture trace of 

historical normal-fault earthqualtes. If anything, "extension" is 

calculated by using the vertical component of fault slip and assuming a 

fault dip, but that assumption is tenuous given the large possible range 

of fault dip. 

The most complete characterization of fault displacement at a site 

is of course net-slip in the plane of the fault, but this is difficult to 

obtain directly so we get by with more easily measured components of 

fault displacement (Figure 3.1). The vertical component of displacement 

is tlle primary measurement along both historical and prehistoric 

normal-fault surface ruptures (e.g. Chapters 5 and 6 or Witkind. 1964 

or Swan et al., 1980). The strike-slip component is also commonly 

measured along historical ruptures (e.g. Crone et al., 1987), although 

that parameter loses some importance if the fault changes strike along 

its length (Janecke, 1993). 
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Figure 3.1 Block diagram illustrating components of 

displacement on a normal fault. Net slip (NS) is the single 

dislocation vector within the plane of the fault. Net hOrizontal 

slip (HS) is the single vector of horizontal slip, but can be 

subdivided into the horizontal Cartesian components -

strike-slip (SS) parallel to fault strike, and perpendicular to fault 

strike the hOrizontal projection of dip-slip (E). Some geologists 

know E as heave. The vertical component of displacement (V) is 

needed along with E to calculate fault dip. As used in this report, 

throw is not synonymous with V, rather it is an "apparent" 

vertical displacement (see Chapter 5). 

--- --------------------
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Normal faults are discussed so frequently in terms of vertical and 

strilte-slip displacements that we may have forgotten to look for the 

opportunity to measure net horizontal slip (Figure 3.1) - tlle component 

tllat best reflects the stress that caused the faulting. As illustrated here. 

net horizontal slip and components of horizontal displacement can be 

measured for historical events by reconstruction of faulted cultural 

artifacts such as road pavement. ditches. and fences. In this paper the 

artifact used is a barbed-wire fence displaced by surface rupture from 

the 1983 Borah Peak. Idaho. earthqualte (Figure 3.2). 

The use of faulted fences to measure "coseismic" (accompanying 

an earthqualte) fault displacement is not new. For example. McKay 

(1890) documented several fences displaced by the 1888 Amuri 

earthquake in New Zealand. and thus provided tl1e first unequivocal 

evidence that significant strike-slip displacement can occur on ruptures 

created with earthqualtes (Richter. 1958. p. 544). Numerous faulted 

fences were used to measure strike-slip displacement by the 1906 

California earthqualte on the San Andreas fault (Lawson. 1908), further 

helping to dispel the then popular notion that all tectonic motion was 

vertical. One of those fences was even seemingly deformed in accord 

with the elastic rebound model developed by Reid (1910) in response to 

the 1906 event. 

Using a faulted fence. the present paper illustrates that coseismic 

extension can be measured directly witll surficial evidence. and that it is 

useful to do so. For one location on the Borall Peak rupture trace. 

coseismic net-horizontal slip (magnitude and azimuth) and tlle vertical 
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component of slip are measured. Fault dip and net slip are calculated. 

This allows the orientation of the net slip vector and fault dip, based on 

surflcial data, to be compared with those based on interpretation of 

geophysical data from depth. 

Background 

The faulted fence (Figure 3.2) is located on the Thousand Springs 

segment of the Lost River fault at Rock Creek, 2.5 km southeast of the 

Doublespring Pass Road. The fence was built on a planar, low gradient, 

late Holocene stream terrace (Vincent et al., 1994) and straddles the 

Lost River fault. Both the fence and terrace were displaced with 

sinistral-normal motion by the Ms = 7.3 Borall Peak earthqualte (Crone 

et al., 1987). The site is on the section of rupture that experienced 

maximum coseismic displacement. The fence dislocation data used here 

was measured in 1987. 

The fence was constructed in about 1967 by local ranchers, the 

Smith family, of wooden posts and three strands of commercial barbed 

wire. First, anchor posts were emplaced at both ends of the 160 m long 

fence line, with one set on the north bank of Rock Creek and the second 

set about 30 m northwest of Figure 3.2. Intermediate posts were then 

placed between the two anchors and aligned using a transit surveying 

instrument. The fence wires were strung by hand before they were 

tightened using a mechanical wire stretcher and then stapled to the 

posts (Wiley Smith, oral comm., 1988). The Smith family pride 
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themselves on a job well done as evidenced by their orderly ranch yard 

- the fence was straight with wires taut when it: was constructed. 

The fence can be used as a reference datum for horizontal 

displacement for several reasons. First. the fence can be reconstructed 

because its original shape is known. It was originally straight and 

upright, and thus defined a vertical plane before it: was deformed by 

faulting. The fence is also long, which is important because any datum 

useful for measuring displacement must extend well beyond the width of 

the zone deformed by faulting. Lastly, the fence is oriented at an acute 

angle (:::: gO) to the strike of the fault such tllat, with significant left

lateral displacement, the fence was shortened during tile earthquake. A 

different combination could have resulted in lengthening and 

destruction of tile fence. 

Utilizing the faulted fence involves three procedures. First, field 

measurements are converted into tile single or "net" horizontal 

displacement vector (Figure 3.1). That vector is tllen separat.ed into the 

two horizontal Cartesian components namely strike-slip and the 

horizontal projection of dip-slip. Finally, the vertical component of 

motion is included for calculation of fault dip and ralte. These results 

are then compared to previous estimates based on different methods. 

Methods 

Net Horizontal Displacement 

Analysis of net horizontal displacement relies on a pair of 

reference fence posts, one on each side of the fault, and determination of 
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the relative spatial position of these two posts both before and after the 

earthquake. [More precisely, the points of reference are the staples that 

attach the top fence-wire to the posts.] These reference posts are 

labeled post 1 and post 2 on Figure 3.2. They were selected because 

they are still firmly set in the ground, and are close to the rupture zone 

yet still in line with undisturbed fence extending away from the fault. 

The reconstruction of the pre-earUlqual{e spatial position of posts 1 and 

2 is illustrated on Figure 3.3A. The fence configuration after the 

earthqual{e is shown and the pre-earthqualte position of post 1 is 

located at the apex of angle 0. Visualization might be easiest with a 

fixed-footwall reference frame. Line H is the horizontal slip vector and is 

calculated after discussion of field measurements. 

Three lengths (0, A, and B) were measured in the Held. The offset 

of the fence (0) was measured perpendicular to fence strike by stepping 

away from reference post 2, for example, until one eye was within the 

vertical plane defined by the fence wires extending away from reference 

post 1. A monocular ("telescope") was used for this alignment, and a 

plumb bob aided measurement of the horizontal distance from this 

vertical plane to the top wire on post 2, in the example. Repeated 

measurements, looking toward both reference posts, resulted in 0 = 

1.95 m with maximum error of ± 0.1 m. Length A = 49.30 m is the 

horizontal distance between the top wire staples on posts 1 and 2, and 

was measured using a surveyors theodolite with electronic distance 

meter. 
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Figure 3.3 Idealized maps showing post-earthquake geometry of Rock Creek 
fence and fault zone. Prior to the Borah Peak earthquake post 1 was located 
at the apex of angle 0. w:ing a fixed-footwall reference frame. Map A 
illustrates relationships for calculation of coseismic net horizontal slip (HI for 
the earthquake. Length B is the pre-earthquake distance between reference 
posts 1 and 2. and is subdivided into the legs (c and d) of the two right 
triangles that share leg O. Leg 0 is the post-earthquake fence separation 
measured perpendicular to the strike of the undeformed fence line. Map B 
illustrates relationships for subdividing H into left lateral slip (L) and (E) the 
horizontal projection of dip-slip. By definition triangle H-L-E is a right 
triangle. 
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Length B is the distance between the reference top-wire staples 

prior to faulting, and can be determined with three field measurements 

and a few assumptions. The first assumption is that the fence wires 

were taut just prior to the eart1lquake and that all slack in the wires was 

generatcd by shortening of the fence within the rupture zone between 

posts 1 and 2. The slack in the wires made the fence ineffective at 

retaining livestock and was eventually repaired. Visual inspection 

indicates the wires were not replaced, nor were they detached and re

stretched at one of the anchor posts. When the fence was originally 

built, one post was not placed in the usual post hole, rather the butt of 

that post rested directIy on the ground surface and tile post was kept 

upright by tile fence wires. This post is on the hanging wall, 9 m 

northwest of post I, and after tile earthqual{e tile slack in tile wires 

allowed it to flop to one side. People looking for a convenient place to 

cross tile fence (eartIlqual{e geologists likely) pushed the post over, and 

in the process pulled wire tIlat had been hanging slack over the rupture 

zone through tile staples in post 1. Slack in the wires between posts 1 

and 2 was tI1US transferred to the hanging wall. Eventually the rancher 

took up tIlis slack by placing a stick on the wires and twisting until the 

wires were again taut. The result is the wire loops shown on Figure 3.4. 

The author used a flexible electrical wire to trace tile length of the twists 

and loop in each fence strand, and tIlese lengths are 33, 27 and 39 cm 

for the top, middle and bottom fence wires respectively. The average 

lengtIl of 33 cm (with range of ± 6 cm) is used below as part of tile 

original distance (8) between posts 1 and 2. 



Figure 3.4 Loops of wire in the barbed wire fence strands that take up 
the slack created by fence shortening during the 1983 Borah Peak, 
Idaho, earthquake. The fence is located along the Lost River Fault at 
Rock Creek, and the loops of wire are located 11 m northwest of 
reference post 1 (Figure 3.2). 

61 
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Did the wire loops take up all of the slack in tile fence? Mter tile 

fence repair the fence wires mayor may not have been as taut as they 

were just before the earUlquake. Twisting a loop in a fence strand could 

not render tile fence as taut as when it. was first built in 1967. but in the 

16 years preceding the earthquake the wires would have no doubt 

relaxed. By depressing the wires by hand the author determined that 

an additional 5 cm of slack could be tal{en up to mal{e tile fence about 

as taut as undisturbed fences nearby. This 0.05 m is included in length 

B. Because of tile concern over tile degree of fence tautness, the ± 6 cm 

range in wire loop lengUl is rounded up to 10 cm and is used as Ule 

uncertainty in lengUl B. The final component of lengUl B. the present 

lengUl of tile wire between posts 1 and 2, is 49.45 m as measured wiUl a 

steel surveyors chain. In conclusion, line B = 49.45 + 0.33 + 0.05 m = 
49.83 ± 0.10 m. 

There are two other uncertainties in lengUl B. First, B is a 

horizontal distance thus the fence wire is assumed to have been 

horizontal prior to faulting. This assumption is reasonable for several 

reasons. The fence was built on the smooth surface of a stream terrace, 

roughly perpendicular to the low (2.58°) surface gradient. Survey data 

indicates the top-wire staples, on posts wiUlin fence sections away from 

the rupture zone, differ in altitude by < 50 cm. The present difference in 

altitude of the top-wire staples on posts 1 and 2 is 2.15 m and compares 

favorably witil the l.98 m of vertical coseismic displacement discussed 

later. A simple calculation reveals the insignificance of Ulis original 

horizontality concern. If one reference post had been 50 cm higher than 
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the other before the earthquake, the horizontal distance between them 

would have been only 3 mm shorter than the (wire length) hypotenuse. 

The second issue is the presence of a large rock used to weigh down the 

fence strands at a low point, a defunct ditch, about 7 m southeast of 

post 1. The three strands of barbed wire were attached together with a 

stay so they would remain equidistant, and the stay was wired to the 

rock resting in the 30 cm deep ditch giving the fence strands a V -shaped 

appearance. This was done when the fence was built to keep young 

livestock contained (W. Smith, oral comm., 1988), but it is not clear if 

the rock was moved after the earthqual~e to take up some slack in the 

fence wires. If so, the effect is not Significant. For example, field 

measurements indicate that if the rock weight was removed entirely the 

wires would have to be shortened by only 1.8 cm to again malte the 

fence taut. 

The horizontal slip vector H can now be solved (Figure 3.3A) by 

utilizing the geometry of two right triangles (A-a-c, and I-I-a-d). Lengths 

a (1.95 ± 0.1 m) and A (49.30 m) allow calculation of triangle side c = 

49.26 m using the Pythagorean theorem. Introducing the ± 0.1 m 

maximum error for a results in an insignificant error of ± 0.004 m for 

line c. Triangle side d can then be calculated as d = B - c = 49.83 -

49.26 = 0.57 ± 0.1 m. Using triangle sides a and d, and the 

Pythagorean theorem, H = 2.03 ± 0.13 m. The uncertainty in the 

magnitude of H is the "worst case" error obtained by compounding the 

stated uncertainties of a and d. The angle (2) was solved with the 

tangent equation and is (2) = 73.7° ± 3.6°. Again the worst case 



compounded error is given. The azimuth of H is 209° ± 4° (error 

rounded up) and was solved Imowing (2) and the strike of the fence 

(135°). 

Components of Horizontal Displacement 
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Accurate partitioning of the horizontal displacement vector H into 

strike-slip and horizontal projection of dip-slip components (Figure 

3.38) is highly dependent on fault strike, because by definition 

extension is perpendicular to strike and strike-slip is parallel to it. 

Unfortunately, the apparent strike of the fault is variable and the 

problem centers on choosing between local or regional data. The local 

strike for the fault zone on Figure 3.2 is 155° ± 10° but seems unreliable 

since it was measured over a length of only 60 m, less than three times 

the width of the rupture zone. Over length scales of 5 t.o 15 km, 

changes in strike of t.he Lost River fault gives it a corrugat.ed appearance 

(Janecke, 1993) and one of these creases in the fault is located just 

south of Rock Creek. South of Rock Creek the fault strikes about 171 0
• 

Toward the north from Rock Creek the fault strikes 144°, as det.ermined 

over a length scale of 0.85 km and using locations where ruptures cross 

the 7080 foot contour on Plate 1 of Crone et al. (1987). The fault st.rilte 

is close to 1440 from Rock Creek all the way to the Doublespring Pass 

Road, and this is the value used in the calculations below. 

Subdividing H into its Cartesian coordinates starts with angle ex 

which is the difference in the azimuth of H and fault strike (Figure 

3.38). ex = 2090 
- 144° = 650 ± 4°. The horizontal projection of dip-slip 

-~ ~---~-~-~-~--- ~ ~ ~~---~ -- - -~ ---~ ------------
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(E) is calculated using the sine function. E = 1.84 m (± 0.18 m). Left

lateral displacement is calculated using the cosine of a. L = 0.86 m (+ 

0.19. - 0.18 m). The errors stated for E and L are rounded up to the 

nearest decimeter on Table 3.1. and were determined by compounding 

the errors of both the magnitude and azimuth of H. 'flle uncertainty of 

fault strike is unknown and thus could not be included in that 

calculation. 

Fault Dip and Net Slip 

For calculation of fault dip. the vertical component of coseismic 

displacement (V) must be obtained. A surveyed longitudinal profile of 

the stream terrace that the fence is built upon allows measurement of 

the vertical separation (T) of that profile. at the fault zone (Chapter 5). 

That separation is T = 1.90 ± 0.3 m. Ostensibly fault dip is the arc 

tangent ofT + E. or 46°. However. for geometric reasons. the vertical 

separation of the faulted profile will be less than the true vertical 

displacement if (1) the profile is not perpendicular to strike and/or is 

inclined in the direction of dip. and (2) if either the fault dip is < 90° or 

the profile gradient is> 0° (Chapter 5: Wallace. 1980). One can solve for 

V 1fT. E. fault dip. and profile gradient are known. V = 1.98 ± 0.3 m 

and dip = 47°. Since the profile gradient (2.58°) is low. V is only slightly 

greater than T. The stated errors for E and T were compounded to 

determine the maximum range of ± 7° for dip. Net slip (S), in the plane 

of the fault. was determined using H and V. S = 2.84 ± 0.12 m. Ralte is 

- 72° ± 5° determined using S and L. 



TABLE 3.1 Components of fault displacement at Rock Creek 
from the 1983 Borah Peak. Idaho. earthquake 

Net horlzonlal slip (H) 

Left-lateral slip (L) 

Extension (E) 

Vertical slip (V) 

Fault dip 

Net slip 

§ Worst case compounded error. 

2.03 m ± 0.13 m § at azimuth 209° ± 4° § 

0.86± 0.2 m * 
1.84 ± 0.2 m * 
1.98 ± 0.3 m § 

2.84 ± 0.12 m with rake of - 72° ± 5° * 

* Worst case compounded error excluding uncerlalnty of fault strike. 

Present and Past Results 
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Several of the fault-slip parameters determined at the Rock Creek 

site (Table 3.1) for the Borah Peak earthquake can be compared with 

previous results. Vertical displacement of 1.98 ± 0.3 m is consistent 

with other measurements made by the author nearby along the fault 

(Chapter 5). Crone et al. (1987) measured "net throw" along the fault 

and provided six values for sites within one kilometer of Rock Creek. 

Those values range from 1.56 to 2.7 m. but average 2.2 m which is 

within the error range of the vertical displacement used in this st.udy. 

Left-lateral slip of 0.86 ± 0.2 m from this study is larger than the 

"geometrically corrected" value of 0.43 m that Crone et al. (1987) 

obtained just north of Rock Creek. However. the ditch on Figure 3.2 is 

offset 1.2 m at the main scarp where the scarp trends 165°. 



TABLE 3.2 Source and fault parameters for the 1983 Borah Peak earthquake 

Reference Method Strike Dip (SW) Rake 

This Study Surface Displacement 144° 47° ± 7° -72°±5° 

Doser and Smith (1985) Short-Period first motions 138° ± 3° 45° ± 3° -60 ± 5° 

Doser and Smith (1985) t Moment tensor Inversion of 147° ± 5° 470 ± 5° -72° 
long-period P waves 163° ± 5° 53° ± 5° -57° 

Barrientos et aL (1985) 
Modeling of long-period P and 

166° ± 5° 53° ± 5° -42° + 10° SHwaves 

Nabelek et aL (1985) 
Inversion ofIong-period P and 

150° 48° -660 

SHwaves 

Moment tensor tnverslon of 
Ekstrom and DZlewonski (1985) very long-period body and 

surface waves 
138° 62° -83° 

Baker and Doser (1988) Joint Inversion of regional and 
138° ± 34° 49° ± 6° -64° ± 19° teleseismic waves 

Stein and Barrientos (I 985) Modeling of leveling data with 154° 47°±2° -90° 
a uniform slip model (fixed) planar (fixed) 

Ward and Barrientos (1986) Inversion of leveling data for 152° 49° -75° variable slip fault model (fixed) planar 

t Unconstratned model results above. below are results of model constratned to a double couple. 

Slip Vector 
Azimuth 

209° ±4° 

189° 

203° 
206° 

194° 

2060 

213° 

192° 

220° 

Focal 
Depth, km 

16±4 

16±4 

17.4 ±2.8 

Q') 
-....] 
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Rock Creek is on the section of the fault with the largest 1983 

surface displacement.s, and t.he fence data indicates net. slip within the 

plane of the fault to be 2.84 ± 0.12 m. Stein and Barrientos (1985) used 

a net slip of"" 2 m in their elastic dislocation model which is 

understandably smaller than the Rock Creek value because 01eir model 

assumes that slip is uniform everywhere on t.he fault plane. Ward and 

Barrientos (I986) used a variable slip dislocation model that suggests 

slip from 2 to > 3 m over a large portion of t.he fault plane. 

Several of the fault paranleter angles detemlined at the Rock 

Creek site (Table 3.1) can be compared with previous results from 

f;pismological and geodynamic studies (Table 3.2). Fault dip can be 

measured in four general ways. The gross geometriC dip of about 51 ° is 

determined from the spatial position of the surface trace and hypocenter 

(the top and bottom of Ole fault). But. uncertainty in the horizontal 

location of the main shock epicenter is ~5 km (Richins et al., 1987) and 

in the focal depth is 16 ± 4 km (Doser and Smith, 1985) leaving this 

estimate with a large error range of ~ ±17°. Seismological procedures 

produce "source" data relevant to Ole deeper portion of the fault plane if 

not the actual point of rupture initiation at the bottom of the fault. The 

seven seismological estimates of fault dip on Table 3.2 range from 45° to 

62°. The largest dip value, from Ekstrom and Dziewonski (I985), is 

probably not very reliable because their meOl0d has poor constraint on 

the vertical dip slip components of the moment tensor for this 

earthqualte (Richins et al., 1987). The remaining six estimates for dip 

range from 45° to 53° with average of 49°. The dip value from this study 
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is 47° (with maximum error of ± 7°) based on displacement of surficial 

features. 

The fourth means of obtaining dip uses elastic dislocaUon models 

fit to the coseismic change in surveyed benchmark elevations. Both the 

uniform slip model (Stein and Barrient.os, 1985) and t.he variable slip 

model (Ward and Barrientos, 1986) had the capabilit.y to model listric 

faults but a planar fault best fit. the dat.a with preferred fault dips of 47° 

and 49°. Of the ten estimates of fault dip on Table 3.2, six values 

cluster between 47° and 49° including the value from this report. 

Conclusions 

The faulted fence is situated where the fault broite through the 

ground surface, but dip from this report agrees with both seismological 

results (reflecting the deeper portion of the fault surface) and results 

from geodetic modeling (reflecting the whole fault surface). This 

agreement allows two conclusions. By consensus, the southern section 

of the 1983 Borah Pealt rupture surface is high angle (:::: 48°) and 

"planar" (linear in cross section) from the surface down to the base of 

the seismogenic crust. 

Also, I conclude that careful measurements of surface 

displacement can indeed reflect fault slip at depth, in contrast with the 

opinion of Ward and Barrientos (1986). The alternative is that surface 

displacement is merely a distort.ed expression of fault slip driven by 

elastic rebound of strained rocks at depth. This distortion involves the 

presence of poorly consolidated sediments covering the bedrock-against 

.. -------------------
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-bedrock fault. Faulting driven by strain release migrates up toward the 

surface penetrating through sediments, or occurring along the contact of 

basin sediments with footwall rock, but the sediments (having very low 

elastic strength) do not contribute to elastic rebound and may retard 

rupture by frictional drag on the fault surface. In the Borall Pealt case, 

tile main or "southern section" of rupture is located along the margin of 

the Thousand Springs Valley and basin-fill of unconsolidated Cenozoic 

sediments up to 1 km thiclt. The argument here is that a specific aspect 

of surface displacement can be essentially the same as that for faulting 

in bedrock beneath sedimentary cover, in this case deeper tilan 1 km. 

That specific aspect of faulting is the angular fault parameters (dip, 

ralte, azimuth), or in other words the proportionality of magnitude 

anlong various slip vector components. This logic recognizes that an 

angle (fault dip) was used here for the basis of comparison, and does not 

preclude decreased displacement-magnitude due to near-surface drag. 

The slip vector azimutil (209° ± 4°) is one of this study's most 

precise results and is directly comparable to previous estimates. Those 

estimates span a considerable range (189° to 220°), but their average 

(203°) is close to tilis study's result. It is probably safe to conclude that 

as rupture propagated up tile fault plane tile azimutll of tile slip vector 

did not rotate a large amount ( » 10°). 

Along the Borall Peak rupture trace, tile dip of slip surfaces on 

fresh fault scarps ranged from 60° to 90° (Crone et al., 1987) and 

indicates the fault refracted (steepened) 10° to 40° as rupture penetrated 

surficial sediments as it should. This emphasizes the need for surficial 



measurements to account for all deformation within a fault zone, as 

illustrated here, if results are to reflect faulting at depth. 
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It is relatively easy, and Ulerefore common, to measure the vertical 

and strike-slip components of coseismic displacement along historical 

surface ruptures. However, those two components of displacement 

alone render an incomplete picture of faulting, and since fault dip is 

often ill-determined, measurements of all components are desirable. We 

can and should identify sites suitable for measurement of 111e net 

horizontal and Cartesian components of horizontal displacement, as 

illustrated here with a faulted fence, because of their relevance to the 

processes of and forces causing rupture on dip-slip faults. 

Field work was conducted wi111 the help of Pat Geertson. Teny 

Wallace, Susan Beck, and Jim O'Connor provided valuable discussion of 

the data, and the manuscript was improved by reviews from William 

Bull and Clem Chase. 
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CHAPTER 4 

STRUCTURAL ANALYSIS OF THE THOUSAND SPRINGS AND 

MACKAY SEGMENTS OF THE LOST RIVER FAULT 

Introduction 

Structural analysis of the surface of an active fault is a depiction 

of the shape and orientation of the slip surface, and is an important 

means of determining geometric controls on rupture initiation and 

termination, among other purposes (e.g. Janecke, 1993; Bruhn et al., 

1991; Susong et al., 1990). A structural analysis of the Thousand 

Springs and Mackay segments of the Lost River fault is developed 

below (Figures 4.1 and 4.2) to illustrate discrete subsections of the 

fault each having unique strike and potentially unique dip. The 

results of this analysis will be used for interpretation of fault 

displacement in Chapters 5 and 6 that follow. Specifically, the results 

allow a rational determination of fault dips, which are required to 

convert tectonic throw values into true vertical displacements. 

The shape of a fault is dependent on the length scale of 

observation (e.g. Bruhn et al., 1991), so it is important to state that 

the relevant length scale for this study is 1 to 10 km. 

Methods and Discussion 

The analysis begins by studying the fault trace as it cuts 

topography in order to subdivide the fault into the longest possible, 
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straight subsections that have internally uniform strike and connect 

with adjacent subsections (Figures 4.1 and 4.2). Further analysis 

requires assumptions regarding the down-dip shape of the fault. 

Janecke (1993) constructed a structural contour map of the Lost 

River fault (a portion of which is shown in Figure 4.1) by assuming 

that each fault subsection is planar (not listric) and dips at 500
• The 

only exceptions are the 400 dipping faults within the Thousand 

Springs/Mackay segment boundary (Chapter 1). She developed an 

argument in support of planar, moderately dipping fault subsections, 

and that argument is consistent with the results of Chapter 3. Also 

shown on Figure 4.1 are the 1983 Boral1 Peal{ earthquake slip-vector 

azimuth determined in Chapter 3 for the Rock Creek fence site, and 

the site of rupture initiation at 16 km depth (Doser and Smith, 

1985). Fault segment names are from Scott et al. (1985). 

The uniform 500 dip model was perfectly acceptable for 

Janecke's (1993) purposes, but for my purposes a problem arises 

from implications of the azimuthal orientation (2490
) of the 

intersection of her two subsections of the Thousand Springs segment. 

Subsections of differing strike give the fault a corrugated appearance 

with the junction of adjacent subsections forming either a valley or a 

ridge. Slip on adjacent subsections should parallel the ridge or valley 

otherwise secondary deformation will occur. The orientation of the 

valley between the two Thousand Springs subsections diverges from 

the orientation of corrugations on the Mackay segment of the fault 

(Figure 4.1). This implies, over many seismogenic cycles, NW-SE 
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Figure 4.1 Structural contour map of the central Lost River fault 
(from Janecke. 1993) made by assuming that each fault subsection 
is planar and dips at 50°. Also shown are the 1983 Borah Peak 
earthquake slip-vector azimuth (209°) determined in Chapter 3 for 
the Rock Creek fence site. and the location of the focus of the event. 
at 16 km depth (Doser and Smith. 1985). with size proportional to 
horizontal location uncertainty (Richins et al .. 1987). 
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oriented extension of the hanging wall adjacent to the Thousand 

Springs/Mackay segment boundary. Surficial evidence does not 

support this idea, and neither does gravity data (Banh:ey et al., 1985) 

which suggests the thickness of basin fill acljacent to the segment 

boundary is similar to that adjacent to the Thousand Springs segment. 

The valley intersection of Thousand Springs subsections is 

oriented at azimuth of 249°, in opposition to the 209° slip vector 

azimuth for tile Borall Peak earthqual{.e (Chapter 3). Thus during the 

earthqual{.e the hanging wall over the northerly Thousand Springs 

subsection would have compressed against the footwall of the 

southerly Thousand Springs subsection. No surficial evidence 

supports this mechanical interaction. However, the orientation of all 

corrugations of the Mackay segment are within just a few degrees of 

the Borah Peal{. slip-vector azimutil. This correspondence encourages 

an alternative to the uniform dip model, that is a model of uniform 

orientation of slip vectors. If Janecke (1993) had used that model 

(discussed next) her conclusions would not have been altered, but 

hypothetical processes that cannot be verifled in the field are no 

longer necessary. 

On Figure 4.2, the azimuth (209°) and inclination from 

horizontal (45.2°) of the Borah Peal{. slip vector (Chapter 3) were used 

to define the orientation of each corrugation valley and ridge on the 

Lost River fault. With fault strikes and the orientation of corrugations 

defined, the dip of individual fault subsections was calculated. Like 

Janecke (1993), the one exception is the dip of faults within the 
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Figure 4.2 Structural contour map of the central Lost River fault made using a 
uniform slip-vector orientation model. That model assumes each fault subsection Is 
planar and that the contact line for adjacent subsections has the azimuth (209°) ancl 
inclination from horizontal (45.2°) of the Borah Peak slip-vector as determined for 
the Rock Creek fence site (Chapter 3). The fault trace (heavy line), constructed 
using the maps in Crone et al. (1987) and mapping by the author, depicts the fault 
projected to a horizontal datum at altitude of 2195 m (7200') and contours are 
shown below that datum at 5 km intervals. 
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Thousand Springs/Mackay segment boundary (subsections 1 and 2) 

which are based on field data (Chapter 1). Borah Peak surface rupture 

occurred on the numbered subsections. The fault trace on Figure 4.2, 

constructed using the plates in Crone et nl. (1987) and mapping by 

the author, is slightly more detailed than that from Janecke's (1993) 

analysis. One example is the presence of subsection 5 located on the 

east side of the 'West Spring block" (Crone et aI., 1987). This 

subsection reflects the rupture trace and is required to connect 

subsections 4 and 6, but the level of detail was also determined by the 

location of tectonic throw measurement sites. Subsection 5 is only 

0.6 km long whereas most other subsections range in length from 3 

to 10 km. Figure 4.2 does not include details at the south end of the 

Warm Spring segment (northern subsection 7) observed by Bruhn et 

al. (1991). 

It is difficult to evaluate the validity of the uniform slip-vector 

orientation model, but results can be compared to independent data. 

Bruhn et al. (1991) surveyed the spatial coordinates of fault scarps 

along the northern portion of the Thousand Springs segment, and the 

Warm Spring segment to study fault geometry and roughness. Their 

three-point analysis indicates an average dip of 45° in my fault 

subsection 7 where the uniform slip-vector orientation model 

predicts a dip of 52°. In addition, they worked along the continuous

rupture portion of the 'Western Section" (Crone et al.. 1987) which 

corresponds to my fault subsection 9. Bruhn et al. (1991) indicate 

-- ----------------
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this subsection dips 40 to 45°, in close agreement with the 46° dip 

predicted by the uniform slip-vector orientation model. 

In Chapter 3, source and fault parameters for the 1983 Borah 

Peak earthquake determined by previous workers were compared 

(Table 3.2) and results for each parameter show some variability. But 

the various seismological and geodetic modeling techniques sample 

differing positions or differing sized areas on the fault. For example, 

seismic first motion data (Doser and Smith, 1985) should sample a 

small area close to the focus, whereas Stein and Barrientos (1985) 

modeled the entire Thousand Springs segment of the fault as one 

plane. Viewing that 18 km long segment on Figure 4.2 in whole, 

subsection 5 is insigniHcant and one can see how the segment can be 

envisioned as one plane. The subtle changes in fault strike and dip on 

Figure 4.2 offers one explanation of why techniques that sample 

differing sized areas on the fault produce slightly differing results. 

"" -_ .. _---- ---------
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Conclusions 

In conclusion, The Lost River fault can be depicted as a 

corrugated surface consisting of linked, planar, moderately dipping 

subsections. A uniform dip model can be used, however, a uniform 

slip-vector orientation model avoids the implication of hanging wall 

deformation for which there is no evidence, and is consistent with 

independent data. Structural analysis allows a rational det.ermination 

of dip for any location along t.he trace, and thus allows tectonic throw 

values to be converted into true vertical displacements as discussed 

in Chapter 5. 
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CHAPTER 5 

UTILITY OF MEASURING' VERTICAL TECTONIC 

DISPLACEMENT USING LONGITUDINAL PROFILES OF 

FAULTED FLUVIAL LANDFORMS 

Introduction 

Where large earthqualtes rupture the ground surface it is 

important to quantify surface displacement magnitude accurately. 

because of the relevance of this parameter to our understanding of 

the processes and consequences of faulting. Displacement 

measurements are important for calculating slip rates. understanding 

the evolution of faults (Dawers et al.. 1993), and evaluating models of 

fault behavior (Schwartz and Coppersmith. 1984) including the 

spatial interaction of rupture on adjacent fault segments (Chapter 6). 

Accurate measurement of displacement is also important for 

evaluating earthquake hazards. 

For many tectonically active sites. the hazard from large. ground 

breaking earthquakes is not known empirically because damaging 

earthquakes have not occurred during historical times. However. 

prehistoric fault scarps can be used to assess local hazards by 

invoking scaling relationships developed with data from historical 

events (e.g. Bonilla et al.. 1984). Seismic moment. earthquake 

magnitude. and energy release for historical earthquakes have been 

related to faulting parameters including displacement magnitude. 



81 
rupture length, and fault width (a function of fault dip and 

seismogenic depth) (I{anamori and Anderson, 1975). Displacement 

magnitude is particularly important among these parameters, because 

for prehistoric earthquakes the original length of surface rupture may 

have been quickly obscured by erosion or burial, for example, and 

fault width is not known directly. Therefore, tlle construction and 

use of scaling relationships, and other objectives, are limited by the 

accuracy of surface displacement measurements. 

Quantification of the single vector of displacement in the plane 

of tlle fault, at many locations along a rupture trace, is tlle ideal data 

set. In practice, however, the measurements are usually made for 

some component of fault motion (Figure 3.1). Measurement of the 

strike-slip component of displacement, not to mention net-horizontal 

displacement, is problematic (Chapter 3). However, tl-le vertical 

component of fault displacement can be reliably measured for both 

historical and prehistoric earthquakes at many locations. This is 

because fault scarps are easy to recognize and can persist in the 

landscape for many tllousands of years, and because the ground 

surface can provide a datum for vertical-separation measurements. 

Parameters measured in the field, and the terms used, are not 

necessarily synonymous (Figure 5.1). Excluding "scarp height", most 

measurements are technically a vertical separation of some horizon, 

often called "throw" (Billings, 1972; Crone et a1. 1987) and thus are 

an apparent vertical displacement. In contrast to the usage here, 

some geologists equate throw with true vertical displacement. 

----------------------
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Figure 5.1 Cross section of a hypothetical nonnal-fault rupture 

zone. If the ground surface is Inclined, scarp height (as defined by 

Wallace, 1980) is not equivalent to throw (T) at that scarp. In 

addition, neither scarp height nor throw at one scarp are 

necessarily equivalent to net throw over the entire fault zone. Net 

throw is best measured as the vertical separation of a topographic 

profile for the landfonn that was faulted, but that too is an 

"apparent" vertical displacement as discussed in the text. 

82 
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longitudinal profiles of faulted fluvial landforms are ideally 

suited for accurate measurement of net throw, in contrast to hillslope 

or fault scarp profiles. Previous workers have used longitudinal 

profiles of fluvial landforms to measure throw (Slemmons, 1957; 

Swan et al., 1980; Crone et al., 1987), but only briefly discuss their 

methods. In addition, concern over measurement accuracy prevails, 

but a means of expressing uncertainties of measurement precision 

have not been developed. 

Scope of Report 

The paper explains the theory and practice of 1) using 

longitudinal profiles of fluvial landforms to measure throw, 2) 

assessing uncertainty in throw measurements, and 3) converting 

throw to true vertical displacement. The second purpose is to 

illustrate the utility of the methods by examining the set of 1983 

Borall Peak throw data, and by using vertical displacement results to 

calculate seismic moment for the Borah Peal{ earthquake. That 

moment is compared to previous estimates based on different 

methods. 

Although the following paragraphs specifically discuss the 

details of determining the vertical component of displacement on 

normal faults, the concepts are also applicable to other styles of 

faulting that involve a dip-slip component of motion. 
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Background and Theory 

An accurate measurement of fault displacement must span the 

entire width of the fault zone. The trace of surface ruptures 

associated with major normal-fault earthquakes inevitably consists of a 

zone of deformation tens (to hundreds) of meters wide containing 

features such as grabens with antithetic scarps. multiple synthetic 

scarps. rifts. tilted blocks. and sagged or bulged ground (Gilbert. 

1890: Gianella and Callaghan. 1934: Slemmons. 1957: Witkind. 1964: 

Crone et al .• 1987). In addition. rupture zones often have a 

prominent scarp forming the edge of the up-thrown block. 

The visual prominence of fault scarps can be misleading. The 

height of fault scarps (Figure 5.1) is a commonly measured parameter. 

in part because it is required for studies using the shape of 

prehistoric scarps to estimate the age of the event (Pierce and 

Coleman. 1986: and previous workers). However. scarp height may 

not accurately reflect true vertical displacement. in part because of a 

geometrical problem (Wallace. 1980), and because tectonic 

dislocation can be accommodated in complex ways over the whole 

width of the rupture zone not just at a main scarp (Figures 5.1 & 5.2). 

Scarp height commonly overestimates net throw by 30 to 100% (data 

in Slemmons. 1957. and Witkind. 1964), but may overestimate it by 

>300% or even underestimate it by 50% (Vincent. unpublished data). 

If the objective is to rr~easure net vertical displacement one should 

study the landforms that were faulted. not "scarp profiles" per se. 
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Figure 5.2 Longitudinal profile of the Willow Creek floodplain, near t.he 

Doublespring Pass Road on the Lost River fault, Idaho (see locations in 

Crone et al., 1987). The floodplain was ruptured during the 1983 

Borah Peak earthquake, and within the fault zone it was tilted 

downstream. Surveyed data points show microtopography but the 

unfaulted profile segments are straight. Best fit lines are shown 

proJected across the fault zone allowing throw to be measured as the 

2.3 ± 0.2 m ofvertlcal separation of the profile. 
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Accurate measurement of fault displacement using any datum 

requires knowledge of tilat datum's shape before it was deformed by 

faulting. The uniform altitude of marine and lake shore-lines make 

tilem ideal, but they are rarely truncated by normal faults. The crest 

of glacial moraines or surface of lava flows may be useful for fault 

reconstruction but again are not common. Colluvial hillslopes are 

ubiquitous, but may have many shapes tilat may vary over any length 

scale. If a rupture zone is wide, tile pre-earthqualte shape of a faulted 

hillslope can not be reconstructed with confidence. Furthermore, 

normal-fault rupture zones are commonly located along the foot of 

hillslopes marginal to alluvial deposits of tile basin. Reconstruction of 

ground surface profiles becomes highly subjective at such locations 

(Wallace, 1980), or at any location where landforms on either side of 

surface rupture are of different origin, age, or pre-earthqualte shape. 

Stream floodplains, alluvial terraces and alluvial fellS, however, 

commonly cross range bounding faults and tileir longitudinal profiles 

allow objective measurement of vertical tectonic displacement as well 

as evaluation of the uncertainty in the measurement. This is because 

their longitudinal profiles should be straight or only slightly curved 

prior to faulting. A longitudinal profile of a fluvial landform is a 

topographic profile - a graph of ground surface altitude plotted 

against horizontal distance - along tile flow-path of the stream that 

constructed or maintained the landform (e.g. Figure 5.2). The map 

pattern of the survey transect may be broadly curved, straight or 

meandering because it follows a path of stream flow. But, when the 
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transect is unfolded or stretched out by plotting the data on a figure 

page the profile should appear straight or change gradient gradually. 

The theory behind this is explained next. 

A stream flowing in it's own, moveable alluvium will construct 

and maintain a channel and floodplain or braided surface in 

accordance with hydraulic and hydrologic factors. In the absence of 

exposed bedrock or immovable objects, important factors can remain 

uniform over an appropriate length scale (100 m to 1 km). That is to 

say bed and bank material, channel geometry, and hydraulic 

roughness do not change downstream. In addition, discharge may 

not be lost into the bed nor gained from a tributary. In this situation 

the loss of stream energy will also be uniform (constant head loss 

rate) with straight energy grade line. A landform evolving under 

uniform flow conditions will parallel the energy grade line and thus 

will have a straight longitudinal profile. If that landform were 

abandoned by the stream and then faulted, the sections of the 

longitudinal profile above and below the rupture zone should have the 

same gradient. This would be the ideal case because one could take 

both undeformed profile sections, project them across the rupture 

zone, and measure the vertical separation of parallel lines. 

On the other hand, important hydraulic and hydrologic factors 

can also change gradually downstream, with resulting landforms 

having curved (often concave-up) longitudinal profiles. The 

implications of profile curvature for measurement of tectonic 

displacement is developed in the section on uncertainty. 

-- --- -_._----------------
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Measuring Longitudinal Profiles and Throw 

Obtaining apparent vertical displacement (throw) by measuring 

the vertical separation of a longitudinal profile of a faulted fluvial 

landform involves three steps: site selection. surveying. and 

measuring separation and uncertainty from the data. Site selection is 

best done in the field with the aid of aerial photographs. The 

landform above and below the fault must be of the same origin and 

age. If fan remnants or st.ream terraces are used they should be well 

preserved, that is not stripped or dissected by gullies nor buried by 

thick eolian deposits. The profile transect should be selected to 

follow relict flow features. or the steepest course. If there is a choice, 

the transect should be oriented roughly perpendicular to fault strike. 

The transect should be about three times the widt.h of the fault zone, 

but error on the long side because the profile itself may reveal the 

fault zone to be wider than it appeared in the field. Measurements 

can be made with a self-leveling level and surveyors chain, or a 

theodolite with electronic distance meter, but the objective is 

elevation (above an arbitrary datum) and horizontal distance along the 

transect for a series of ground points. Any erosional or depositional 

features should be included in the field notes. Fault scarp(s) and 

other fault deformation should be surveyed to help define the position 

and width of the fault zone. For range-bounding normal faults, t.he 

appropriate transect length may be 100 m to several hundreds of 

meters. The number of data points depends on the length of the 



transect and microtopography, but 50 to 100 data pOints should 

suffice. 
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Once the data is plotted, hopefully straight lines can be fit to 

the profile sections. away from fault deformation. on the hanging wall 

and footwall. The straight line segments are projected across the 

fault zone. The vertical separation of the profile is measured at the 

center of the fault zone to quantify throw, and is measured at both 

edges of the fault zone as an estimate of uncertainty. The justification 

for this measurement procedure is presented in the section on 

uncertainty. Any difficulty in fitting straight lines to the unfaulted 

sections of the profile should be included in the estimate of 

uncertainty. If the gradient changes a large amount over a short 

distance (like 4°, or 25%, over 30 m), one should immediately 

suspect that either the landform is badly eroded, or that the up

thrown and down-thrown surfaces are of different ages or origins. 

That situation should be avoided. 

Example Longitudinal Profiles 

Figure 5.2 is an example of a longitudinal profile surveyed at a 

very favorable site. The profile is of the narrow grassy floodplain of 

Willow Creek which was faulted during the 1983 Borall Peak 

earthquake and is located near the Doublespring Pass Road (Crone et 

al., 1987). Willow Creek is a perennial, meandering stream about one 

meter wide. At this location the fault zone is about 100 m wide, and 

is bound by a main scarp and an antithetic thrust (Crone et al .. 1987). 
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Above the fault zone the stream profile can be characterized by a 

straight line with gradient of 0.035 m/m. Below the surface rupture 

the stream is also straight with gradient of 0.034 m/m. Within the 

rupture zone the floodplain profile is steep. where a block of alluvium 

was tilted downstream during the earthqualce. Clearly only a part (",,1 

m) of the fault displacement is expressed at the main scarp. with the 

remainder maslced by deformation in the rupture zone. The straight 

profile segments above and below the fault zone are shown projected 

into the fault zone and. according to the procedure outlined above. 

the net throw (profile separation) is 2.3 ± 0.2 m. The gradient of the 

pre-earthqualce stream profile apparently decreased slightly 

downstream over a distance of 700 m, but in this case has little effect 

on measurement of profile separation. 

Figure 5.3 depicts a longitudinal profile surveyed on a latest 

Pleistocene fan remnant displaced at the Lost River Fault during two 

earthqualces. The rupture zone consists of a graben bounded by a 

main scarp and an antithetic scarp, both with normal sense of motion. 

The situation is good for three reasons. First, the fault zone is 

narrow, being only 30 m wide. Second, the shapes of the profile on 

either side of the rupture zone are well constrained straight lines. 

Third, the gradients of the profiles above and below the fault are 

similar: the up-thrown profile gradient is 0.41 m/m or slope is 22.3°, 

and the down-thrown profile gradient is 0.39 m/m (21.3°). The two 

straight profiles are shown projected into the rupture zone on Figure 

5.3, and as defined net tectonic throw is 2.1 ± 0.5 m. The one 

............ ------------
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Figure 5.3 Longitudinal proffie of a steep alluvial fan 3.8 km 

north along the Lost River Fault from Elkhorn Creek. The fan 

was faulted in 1983 and during the penultimate earthquake. 

Cumulative tectonic throw would be 2.1 ± 0.5 m, but 3.2 m is 

the calculated true-vertical displacement using fault dip of 50°. 
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serious drawback of the sile is that the topographic gradient is steep, 

which means throw is a signifIcant underestimate of net vertical 

displacement, as discussed later. 

Evaluating Throw Uncertainty 

This paper advocates that net thro ~V be measured as the ver dcal 

separation of a profile at the center of the fault zone, and that vertical 

separation be measured at both edges of the fault zone as an estimate 

of uncertainty. This uncertainty tool is a relative measure, but does 

reflect the quality of site conditions. It increases with increasing fault 

zone width, and it increases with more divergent gradients of the 

profile segments above and below the fault. 

This procedure can be evaluated by reproducing the 

measurement with independent longitudinal profiles at one site. For 

example, three profiles were surveyed near Willow Creek and the 

Doublespring Pass Road. A profile was surveyed on the latest 

Pleistocene alluvial fan about 150 m NNW of Willow Creek, a second 

profile was surveyed on the inset terrace at Willow Creek, and a third 

profile was surveyed on the latest Pleistocene fan about 150 m SSE of 

Willow Creek. Each of these surfaces were faulted during both the 

Borah Peal{ earthqual{e and the penultimate earthqual{e (Chapter 2). 

The net throw (profile separation) results are 4.8 ±0.2 m, 4.6 ±0.6 m, 

and 4.7 ±0.3 m respectively for these surfaces. All three values are 

within the stated uncertainty of the other two, lending confidence to 

the methods. 
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Theoretical reasoning can also be used to justify the methods 

advocated here, and involves profiles that were slightly curved prior 

to faulting. First, some comments drawn from experience. 

The longitudinal profile of a well preserved landform will 

typically be a tightly constrained st.raight line over a distance of 100 

m or more, where it is away from rupture deformation, eroding scarp 

crests, and wash slope deposits. In most cases, however, the 

gradient below the fault (the down-thrown and down stream side) is 

less than the gradient of the profile above the main scarp. Stream 

floodplains (like that on Figure 5.2) and stream terraces may have 

gradients on the order of 0.03 m/m (2° or 3°) with gradient decrease 

of 0.002 m/m (0.1°) or more across the fault. Alluvial fans, or cones, 

can be ten times steeper (22° on Figure 5.3) and change gradient 

downstream by 0.02 m/m (about 1°) or more. For tllese two 

examples, the gradients change 3% and 5%, respectively. 

Why are faulted fluvial landforms steeper above the. rupture 

zone? One possibility is differential tilt of tlle ground surface due to 

elastic strain release of underlying bedrock during the earthqual{e 

(e.g., Stein and Barrientos, 1985). Vincent (1985) evaluated 

coseismic tilt and concluded that surface tilt of the hanging wall near 

the rupture trace of the Borah Peal{ earthquake may have exceeded 

1000 micro-radians. One thousand micro-radians of tilt is equivalent 

to a change in gradient of 0.001 mim, so tilt from elastic strain 

release probably does not entirely explain the observed 0.001 to 0.02 

m/m (or more) downstream decrease in profile gradient. 
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Figure 5.4 Hypothetical topographic profile of a landform that 

was curved before it was ruptured by a normal fault (upper 

thin line). The curved profile is also shown shifted down to 

emulate its position after faulting. Mter faulting the ground 

profiles away from the rupture zone may be fit with straight 

lines. shown projected across the rupture zone. 

Only if measured at the center of the rupture zone is the 

vertical separation of the straight-profile segments equivalent 

to tectonic throw - the vertical separation of the curved 

profiles. 

---_.- -- ------------------------
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Streams typically decrease in gradient downstream forming 

concave-up profiles. because hydraulic conditions are rarely uniform 

over great distances. as discussed previously. However. shorter 

reaches may now appear quite straight. This is because the radii of 

profile-curvature is typically very large (10 to 100 km) and changes in 

surface microtopography occur through time. Consider the example 

of an originally curved longitudinal profile that is now faulted on 

Figure 5.4. The profile segments above and below the fault might 

seem straight. but have differing gradients. and if projected into the 

rupture zone the vertical separation of the profile is highly variable. 

However. at the center of the fault zone vertical separation of the 

straight lines is equivalent to throw of the originally curved ground 

surface. This is theoretically true because the normal fault is vertical 

on Figure 5.4. but also should be true in practice where the radii of 

profile curvatures are large (» 1 000 m) compared to the magnitude 

of horizontal displacement (few m perpendicular to strike) of the 

profile segments. Perhaps a landform could be reconstructed using 

curved-lines fit to field data. but experience indicates this would be 

time consuming and highly subjective. For example. how much 

weight should be given to survey data farthest from the fault zone. or 

considering the prevalence of ground microtopography how much 

weight should be given to any individual datum. Furthermore. profile 

segments often appear quite straight. 
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Ground Surface 

Figure 5.5 A rock slab has slid down an inclined plane that is 

parallel to the ground surface. and the profile of the ground 

surface is shown projected across the resulting rift. This 

illustrates the worst situation where the vertical separation of a 

topographic profile (zero in this case) does not reflect true vertical 

displacement. 

-- - - - ----------------
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In conclusion. measuring the vertical separation of straight

profile projections at the center of a rupture zone is the best measure 

of tectonic throw. Vertical separation of pronIes at the margins of the 

rupture zone provides a relative estimate of uncertainty in throw that 

should encompass uncertainty in fltting straight lines to the data. 

Converting to True Vertical Displacement 

Theory 

The vertical separation of a faulted topographic profile (throw) 

is an "apparent" vertical displacement. not necessarily the desired 

true vertical component of fault motion (Wallace. 1980). The reason 

for this is a geometrical problem. referred to here as the "dip/slope 

effect". due to horizontal motion (parallel to dip) that accompanies 

vertical motion on a dip-slip fault. The vertical separation of a 

topographic profile (that is inclined in the dip direction) will be less 

than the true vertical displacement. Figure 5.5 illustrates one 

extreme where a slab moved horizontally and lowered in altitude. but 

the profile separation is zero. At the opposite extreme. the vertical 

separation of profiles will be exact measures of true vertical 

displacement where either fault dip equals 900 or ground surface 

gradient is zero (horizontal). 
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Figure 5.6 Graphical means of calculating true vertical 
displacement from vertical profile-separation (throw). based on 
equation 1 in text. lmowing ground surface profile gradient and 
fault dip. The percentage correction factors are added to throw 
values to obtain vertical displacements. The relationship is valid 
when the surveyed landform is inclined in the dIrection offault dIp. 
and the azimuth of the profile transect is close to (within 15° 00 
being perpendicular to fault strike. 

Where the dip of the slip surface is large (>70°) the correction 
factor will be less than +30%. for common landforms (gradient < 
30°). Where the dip of the slip surface is moderate to low (70° - 30°) 
ground surface gradient has a strong influence on the correction 
factor. but is reasonable « 50%) for landforms with < 10° gradients. 
Where the dip of the slip surface is very low (>30°) only streams and 
stream terraces have appropriate gradIents of <3° for reliable 
correction factors. 
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Fortunately, the "dip/slope effect" can be accounted for with 

equation 1 or Figure 5.6. Profile separation or throw (T) can be 

converted to true vertical displacement (VO) using the profile 

gradient (SGO) along with fault dip (FOO) where it is known or can be 

reasonably assumed. 

T * Sin(FOO) * 8in(90° + SGO) 
VD=-------------- (1) 

Equation 1 is valid under the following conditions. 1) FO° :;t: SGo. 2) 

The surveyed landform is inclined in the direction of fault dip, which 

is generally true along normal faults. 3) The azimuth of the 

longitudinal profile is close to (within 15° 00 being perpendicular to 

fault strike, a situation that can often be accommodated by careful 

choice of survey transects. 

The consequence of the "dip/slope effect" is graphically 

illustrated on Figure 5.6. The figure shows a fielel of percentage 

correction factors, based on equation I, to be added to apparent 

vertical displacement throw). Considering typical faults and fluvial 

landforms of the Basin and Range province, for example, common 

combinations of dip (30 - 60°) and surface gradient « 1 0°) result in 

minimal or at least manageable correction to obtain vertical tectonic 

displacement. However, in situations like steep hillslopes, or very 

low fault dips, the correction is so large that random errors are 

multiplied beyond reason. Since fault dip is rarely known with 

certainty, streams and stream terraces with gradients of < 3° « 0.05 

m/m) offer the best chance for accurate vertical displacement results. 

- ----------._----------
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Example: Borah Peak Displacement Data 

The practical consequence of converting throw into vertical 

displacement can be illustrated with the 1983 Borah Peak earthquake 

data set (Figures 5.7 - 5.10). The earUlquake rupture trace (Figure 

5.7) can be discussed in terms of subsegments of rupture, along 

which throw has been measured (Figure 5.8). The bulk of the throw 

data (Appendices 1 and 2) is for rupture on the range-bounding Lost 

River fault (subsections B, C, D, and F). All values from Crone et al. 

(1987) along the range-bounding fault wcre used except where 

"upper" and "lower" scarp data were given. Rupture subsection A 

represents data for faulting in the hills of Ule Thousand 

Springs/Mackay segment boundary (Chapter 1). Data from this report 

(Appendix 2) is illustrated in Figures 5.8 through 5.10 wiUl large 

symbols where throw was determined from a surveyed longitudinal 

profile, and with small symbols where throw was measured in the 

fIeld by eye. 

Two data subsets from Crone et al. (1987) are ignored in this 

discussion. One consists of the cracks and very low scarps in basin 

fIll sediments at the NW end of the Western Section of rupture 

(Figure 5.7). The second subset (also on tile Western Section) 

consists of short, disarrayed ruptures near the crest of the Willow 

Creek Hills and discontinuous, north facing scarps on the northern 

flank of the Willow Creek Hills. However, the SE end of the Western 

Section (subsection E) is presented because it is a relatively long and 

continuous scarp with large magnitude displacement that appears to 
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Figure 5.7 Map of rupture trace for the 1983 Borah Peak, Idaho, 
earthquake from Crone et al. (1987) and mapping by the author (Chapter 1). 
The focal mechanism for the event (Doser and Smith, 1985), is located at the 
epicenter with size proportional to horizontal location uncertainty (Richins el 
al., 1987). Named rupture sections are from Crone et al. (1987) and letters 
indicate the rupture subsections discussed in this report. 
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Figure 5.8 Surface displacement along the rupture trace of the 1983 
Borah Peak. Idaho. earthquake (see map on Figure 5.7). Throw is the 
vertical separation oftopographic profiles from Crone et al. (1987). and 
this study where the large symbol indicates a surveyed stream profile 
and the small symbol indicates throw measured by eye in the field. 

Distance along the rupture trace has arbitrary datum at Vanc~ 
Creek in the boundary between the Thousand Springs and Mackay (not 
shown) fault segments. Elkhorn Creek is located at distance -2.3 km; 
Rock Creek at -10.3 km; the Doublespring Pass Road is at -13.2 km; 
Arentson Gulch is at -23.4 km; and McGowan Creek is at -36.2 km. 
The West Spring block spans from distance -14 to -16 km. 

N ames of segments of the Lost River fault are from Scott et al. 
(1985). Names of rupture sections are from Crone et al. (1987), and 
letters for rupture subsections are from this report. The Western 
section of rupture. subsection E. branches from the range front fault. 
penetrates the Willow Creek Hills. and is depicted with a dashed line 
and square symbols. 

_. -----.-----------
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branch from the main rupture on the range front fault. Subsection E, 

which crosses Arentson gulch, cuts topography like a fault and is 

consistent with the geometry of the Lost River fault near the Willow 

Creek I-HIls segment boundary (Bruhn et al., 1991). Lastly, aftershock 

relocation is consistent with faulting on subsection E to a depth of at 

least 10 km (Bruhn et al., 1991, after Shemata, 1989). 

The Northern Section of rupture (on the Warm Spring 

Segment) is shown but is enigmatic. For example, that rupture may 

have occurred after (within one day of) the Borah Pealt event (Bruhn 

et aI., 1991), and that rupture may not extend to great depth (Ward 

and Barrientos, 1986). 

Throw data was converted to vertical displacement data using 

equation I, by utilizing surface gradient and an estimate of fault dip 

(Appendices 1 and 2). Surface gradient at sites of Crone et al. (1987) 

were crudely estimated from topographic maps having 12 and 18 m 

(40 and 80 foot) contour intervals. The fault dips utilized below are 

from both fault structure models developed in Chapter 4. 

The influence of conversion from throw to vertical 

displacement for the Borah Pealt data set is illustrated on Figure 5.9. 

All throw values were increased, as expected, but where surface 

gradients were low «5°) that increase was insignificant. However, 

where surface gradients were very steep (28° to 36°) throw values 

were increased by 50° to 100°. At one site (-18 km) throw was 

increased by 330%. Although at that site the surface gradient used 

(43°) may be inaccurate, it does illustrate the problem of measuring 



E 
.: c 
(1) 

E 
(1) 

g 
Q. 
en 
5 

2 

1 

~40 

Dicky Peak trace ~ 
with throw .. 30 em f ~ 

·20 ·15 ·10 

Distance along fault trace, km 

104 

This report: 
• Vertical 
• Displacement 

~ Throw 

·5 o 5 

Figure 5.9 The influence of the conversion of throw into vertical 
displacement for the 1983 Borah Peak, Idaho, earthquake. The belts 
of dark shade depict the consequence of parameter conversion. Net 
throw from Crone et al. (1987) defines the lightly shaded areas, 
whereas vertical displacement calculated from that throw data defines 
the top of the darkly shaded areas. Data from this report are shown 
as round symbols. Vertical displacements were calculated (equation 1 
in text) using surface gradients (from maps) and fault dipS from the 
unJform slip-vector orientation model on Figure 4.2. 

The West Spring Block of bedrock rests on the banging wall in 
front (SW) of the range front fault (Figure 5.7). The Dicky Peak 
rupture trace is located in the footwall behind (NE of) the main 
rupture trace (Figures 5.7 and 1.5). 
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throw of rupture on steep hillslopes. The Borah Peak throw data 

from Crone et al. (1987) has a striking high-frequency fluctuation in 

magnitude along the rupture trace (Figure 5.8). For example, high 

magnitude crests become lower troughs over half-kilometer length 

scales. However, the conversion from throw to vertical displacement 

changes the details of this magnitude fluctuation (Figure 5.9). Low

point troughs disappear with parameter conversion ( at -7, -10.2, 

-11.5, and -21 km), a trough appears (at -29 km), and a trough 

inverts into high-point crest (at -18 km). 

The site (at -10.2 km) of the off-quoted maximum net throw 

value (2.7 m) is only 40 m from a site where net throw was 2.1 m, 

and both sites are on a steep (:::: 26°) hillslope ruptured by multiple 

traces. That maximum value is increased to an anomalous 3.9 III 

when converted to vertical displacement. 

Subsidiary deformation may obscure displacement on the range 

front fault. The general trend of displacement data along the range

front fault (-5 to -23 km) shows depressed displacement magnitude 

about distance -16 km, that is coincident with deformation away from 

the main rupture trace. The West Spring Block, for example, spans 

from distance -14 to -16. The Block is a bedrock hill with short and 

disarrayed ruptures on its crest and flank, and an unusual thrust fault 

is located at the foot of its SE side (Crone et al., 1987, Plate 1). The 

main 1983 rupture trace passes behind (on the east side of) the 

Block, between the Block and a bedrock ridge that constitutes the 

range front. The West Spring Block is coincident with the short 
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fault-subsection 5 (Figure 4.2) which has divergent stril{e compared 

to the rest of the Thousand Springs Segment of the fault. 

Furthermore, the Dickey Peal{ rupture trace (Figure 1.5) is located in 

the footwall between distance -17 and -19 km, and is sub-parallel and 

synthetic to the main rupture trace. Local structural complications 

probably account for these features, but for the issue at hand the 

displacement data near the center of the trace (Figure 5.9) may not 

reflect displacement at depth. 

The pattern of vertical displacement results for the Boral1 Peak 

earthqual{e (Figure 5.10) is influenced very little by t.he choice of fault 

geometry models in Chapter 4. This is because both models predict. 

moderate dips (46° to 51°) for most. fault subsections. Vertical 

displacement in rupture subsection B (Figure 5.10) is slightly higher 

if the uniform 50° dip model is used, because the uniform slip-vector 

orientation model predicts a dip of 57° for that subsection. 

Utility of Approach: Borah Peak Seismic Moment 

The surface displacement data for the Borah Peal{ earthquake 

(Figure 5.10) can be used to calculate seismic moment for the event, 

for comparison with moment from previous st.udies t.hat used 

different methods. This comparison evaluates the approach used 

here, and tests the relevance of displacement at the surface to 

faulting at depth. 

Static moment (Mo) can be calculated using geologic data as 

Mo = /.l A D (2 ) 
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where ~l is the shear modulus. A is the fault area. and D is the average 

fault displacement (Kanamori and Anderson. 1975). The shear 

modulus used here (3.3 x 1011 dyne-cnr2 ) is similar to that of 

previous workers cited below. Fault area is t11e product of fault length 

and the down-dip "width". Moment is calculated for each rupture 

subsection independently and summed for total moment (Table 5.1). 

Fault width was calculated using fault dip from the uniform slip-vector 

model (Figure 4.2). and seismogenic depth of 16 km (Doser and 

Smith. 1985). The uncertainty in the epicenter location and depth to 

focus (± 4 km). translates into fault width uncertainty of about ± 5 km 

and. ostensibly. uncertainty in moment of about ±25%. Other 

uncertainties include the potential errors in vertical displacement 

(Figure 5.10) and fault dips. Smooth lines were drawn through 

vertical displacement data on Figures 5.10A and B. to help construct 

the displacement histograms on Figure 5.10C. The dashed line 

through data for rupture subsection 0 (Figure 5.10B) gives the 

displacement pattern a broad-crested appearance. That pattern may 

be real but obscured by the complications involving the West Spring 

Block and the Dickey Peal{ rupture trace. However. for conservative 

calculation of moment a uniform displacement of 1.7 ±0.4 m was used 

for subsection D. 

The last uncertainty is variation in slip with depth. The 

calculation uses displacement averaged over the fault area (variable 

D). but we have only displacement at the surface. To start. surface 

displacement is assumed to represent average displacement. and the 
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Figure 5.10 Patterns of verUcal displacement along the rupture trace of the 
1983 Borah Peak, Idaho, earthquake. On Figures A and B, throw was 
converted to "true" verUcal displacement (Fig. 5.9) using fault-plane geometry 
models (Figs. 4.1 & 4.2, see text) to estimate dip of fault subsections. The thin 
line hanging from each data poJnt show the magnitude of this conversion. 
Figure C are verUcal displacement histograms for lettered rupture subsections 
(Fig. 5.7) used to calculate seismiC moment for the earthquake. 
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implication of this is discussed later. In addition. the displacement 

used should be net-slip in the plane of the fault. but only the vertical 

component of displacement is well documented. However. a dip-slip 

component of displacement can be calculated using vertical 

displacement and by assuming the fault geometry in the structural 

model on Figure 4.2. In addition. net-slip can be calculated Similarly. 

with the underlying assumption that the azimuth and the inclination

from-horizontal of the net-slip vector at the Roclt Creek fence site 

(Chapter 3) is the same everywhere on the fault. Moments based on 

these parameters range from 2.8 to 4.4 x 1026 dyne-cm (Table 5.1). 

close to previous estimates (Table 5.2). 

The Ms = 7.3 Borah Peak earthqualte is perhaps the best 

studied large. intraplate nonnal-fault event and there are seven 

previous estimates of scalar moment (Table 5.2) ranging from 1.9 to 

3.1 x 1026 dyne-cm. The earthquake was well recorded at regional 

and teleseismic distances allowing various seismological methods to 

be employed. The seismological results depend on the portion of the 

seismic wave train that was used; and the correction of distortion by 

the seismograph. the earth. and the dynamic properties of the 

source. The five seismological results average 2.5 x 1026 dyne-cm. 

although the larger values (:::::3 x 1026 dyne-cm) may result from 

techniques that sample a larger area of tile fault and would be 

therefore favorable. Geodetic releveling data was also available for the 

earthqualte allowing construction of elastic dislocation models and 

calculation of moment using those results (Table 5.2). Those results 



TABLE 5.1 Scalar seismic moment estimates for the 1983 Borah Peak earthquake from this study 

All moments are times 1026 dyne-cm 

Rupture Subsections Oocated on Figures 5.7 & 5.8) 

~~~~ I FIE I D I c I B _ 1 __ A __ -J 
Trace Length, km I I 2 2.5 9 4 
Fault Dip, degrees 2 47 46 51 48 

Fault Area, km2 44 56 185 86 

Vertical 
displacement, m I 1.5±O.3 1.7±O.4 1.7±O.4 2.2±O.2 

Scalar Moment 4,5 0.2±O.04 0.3±O.07 1.0±O.2 0.6±O.06 

% of total Moment 8 11 37 22 

Dip Slip, m 7,5 2.1 ±O.4 2.4±O.6 2.2±O.5 3.0±O.3 

Scalar Moment 8,5 0.3±O.06 0.4±O.1 1.3±O.3 O.S±O.OS 

Net Slip 9,5 2.1 ±O.4 2.4±0.6 2.4±O.6 3.1 ±0.3 

Scalar Moment 10,5 0.3±O.06 0.5±O.1 1.5±O.4 0.9±O.08 

Footnotes: 
1: from Figure 5.S. 
2: from model assuming uniform slip-vector orientation on Figure 4.2. 
3: uses down-dip distance from dip and selsmogenlc depth of 16 km. 

5.5 
57 
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1.9±O.2 
0.7±0.07 

23 

2.3±O.2 
O.S±O.OS 

2.7±0.3 
0.9±O.1 

4: assumes average slip over area Is equivalent to vertical displacement at surface. 
5: uncertianty using only uncertlnaty of vertical displacement on Figure 5.10. 
6: Sum of moments for subsections A through E, times 1026 dyne-cm. 
7: calculated from dip and vertical dlsplacemenL 
S: assumes average slip over the area Is equivalent to dip-slip displacement at surface. 
9: assumes NS/VD = 1.43 (from Rock Cr. fence In Chapter 3) 

10: assumes average slip over the area Is equivalent to net-slip displacement at surface. 

6.5 
41 

159 

0.4±0.1 
0.2±O.05 

7 

O.6±0.2 
0.3±O.OS 

0.6±0.1 
0.3±O.OS 

Total 

Moment 
see note 6 

29.5 

634 

2.8±O.5 

100 

3.7±O.O7 

4.4±O.8 
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are close to 2.7 x 1026 dyne-cm. and are dependent on assumptions 

of the elastic behavior of the lithosphere and the availabilit.y of 

geodetic data for only the central portion of the rupture. Based on 

these geophysical studies (Table 5.2). the seismic moment for the 

Borah Pealt earthquake is probably close to 3 x 1026 dyne-cm. 

TABLE 5.2 Scalar seismic moment estimates for the 1983 Borall 
Pealt earthquake 

Reference Method 

Doser and Smith (1985) 
Moment tensor Inversion of 

long-period P waves 

Barrientos e( al. (1985) 
Modeling of long-period P 

and SH waves 

Nabelek et al. (1985) 
Inversion of long-period P 

and SH waves 

Moment tensor Inversion of 
Ekstrllm and D7.lewonskl very long-period body and 

surface waves 

(1985) 

Baker and Doser ( 1988) 
Joint. Inversion of regional 

and teleseismic waves 

Stein and Barrlenlos (1985) 
Modeling of leveling data 
with a uniform slip model 

Ward and Barrlenlos ( 1986) 
Inversion of leveling data for 

variable slip planar fault 
model 

Moment 
1026 dyne

cm 

2.1 

1.85 ± 0.17 

3.1 

3.12 

2.2 ± 0.4 

2.6 ± 0.5 

2.7 

Comparison of past and present results is instructive. Static 

moment using vertical displacement as average slip (2.8 x 1026 dyne

cm) is remarkably close to the moment from previous studies. If 

throw data were used moment would have been 2.6 x 1026 dyne-cm. 
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However, moment based on dip-slip and net-slip (3.7 and 4.4 x 1026 

dyne-cm, respectively) diverge from the moment of previous studies. 

Recall these calculations assume that slip at the surface is equivalent 

to the average slip over the whole fault plane. Taking this all at face 

value, the implication is that slip at the surface was large compared to 

slip over much of the fault plane. The geodetic model of Ward and 

Barrientos (I986) indicates that large areas of the fault surface have 

relatively low magnitude slip. That model, however, underestimates 

slip at the surface. 

Conclusions 

If the objective is to measure vertical tectonic displacement at 

the surface so that it reflects faulting at depth. we should study the 

landforms that were faulted. not fault scarps themselves. Surveyed 

longitudinal profiles of faulted stream floodplains. alluvial terraces and 

alluvial fans are ideal for this purpose for several reasons. First. the 

pre-earthqualte shape of the profiles are predictably straight or 

gradually curved over hundreds of meters. This allows a measure of 

displacement that accounts for (or is not obscured by) ancillary 

deformation within the rupture zone. Net throw across the whole 

fault zone can be measured at the center of the rupture zone as the 

vertical separation of the reconstructed profile. Furthermore. vertical. 

profile-separation at both margins of the rupture zone offers a relative 

estimate of throw measurement error. 
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Tectonic throw (profile separation) is rarely equivalent to true 

vertical component of displacement. The two parameters are highly 

disparate if the surface gradient of the faulted landform is steep, or if 

fault dip is shallow. True vertical displacement can be calculated 

from throw knowing surface gradient and fault dip. However, since 

fault dip is rarely known with certainty, field sites involving surface 

gradients> 10° should be avoided if possible. Surface gradient should 

be measured in the field and reported along with throw data. 

Estimation of fault dip can be enhanced by construction of structural 

models of three-dimensional fault surface geometry. Longitudinal 

profiles of streams and stream terraces with gradients of < 3° « 0.05 

m/m) offer the best chance for accurate vertical displacement results. 

Surface rupture displacement data can accurately reflect elastic 

strain release beneath surficial materials. However, current elastic 

dislocation models may underestimate the magnitude of near surface 

(upper several km) faulting, or underestimate the ability of faulting to 

penetrate surficial materials with undiminished magnitude. 

ConSidering the distinctions among measured parameters and 

the geometrical issues mentioned above, several conclusions can be 

made about use of published data. "Scarp height" data may present a 

very blurry depiction of tectonic vertical displacement. Throw data 

are at least geometrically related to true vertical displacement. The 

use of the maximum report.ed value of displacement in scaling 

relationships for earthqual{e size is questionable, because of the large 

potential errors embodied in a single measurement. Apparent high-
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frequency fluctuation in displacement magnitude along a rupture 

trace, over half-Idlometer (plus) length scales, may be noise about a 

smoother signal - elastic faulting at. depth. 
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CHAPTER 6 

PATTERNS OF VERTICAL DISPLACEMENT ALONG THE 

LOST RIVER FAULT, IDAHO, AND IMPLICATIONS FOR 

MODELS OF FAULT BEHAVIOR. 

Introduction 

Major nonnal faults hundreds of kilometers long are too long to 

be ruptured entirely by an earthquake. Thus, cumulative slip and 

structural relief for a major range-bounding fault must occur by 

repetitive earthquakes located at various pOSitions along the fault 

(Gilbert, 1909). The specifics of earthquake magnitude, rupture 

location, and timing are critical to understanding fault behavior and 

for evaluating earthqualte hazards. To that end, models of fault 

behavior have been proposed (Figure 6.1) each with unique 

implications. Some models allow variable positioning of ruptures 

along a fault or variable magnitude of earthqualtes through time 

(Figures 6.1A). Some models emphasize uniform cumulative-slip 

(Figure 6.18). On Figure 6.1C, the characteristic earthquake model of 

Schwartz and Coppersmith (1984) calls upon a segmented fault (Aki, 

1984), or fixed positioning, with recurrent earthquakes that are 

large, close the maximum possible, and an absence of moderate sized 

earthquakes. Figure 6.2 illustrates a similar model of large magnitude 

earthquakes but recurring with 50% overlap and unifonn cumulative 
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Figure 6.1 Models of fault behavior depicting patterns of individual

earthquake slip, and cumulative-slip distributions along a fault, after 

Schwartz and Coppersmith (I 984). 
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displacement. The characteristic earthquake (Schwartz and 

Coppersmith, 1984) is the simplest model in that the locations and 

magnitudes of ruptures are predictable. With the magnitude 

constant, and under a steady strain rate the timing of earthqualtes 

would be predictable (constant. return time) representing a melding 

of the slip-predictable and time-predict.able (Shimazaki and Nalmta, 

1980) earthquake models. The absence of moderate eart.hquakes has 

serious implications for earthquake magnitude/cumulative-frequency 

relationships (Scholz, 1990), relationships currently used t.o assess 

earthquake hazards for the United States (Art Frankel, oral comm., 

1995). Uniform cumulative slip is not required by the model, but 

constant displacement-per-event at all points along the fault is 

implied. 

A relevant test of models of fault behavior is, therefore, 

documentation of displacement magnitude, for multiple events, at 

many sites along a fault trace. Normal faults are well suited for this 

because fault scarps are readily preserved in tlle landscape, and 

streams crossing the fault can leave terraces recording earthquakes of 

different time periods. However, considering the need to compare 

multiple events, geologic data from normal faults is typically throw for 

two eartllquakes at one trench site along a rupture trace. 

This tectonic geomorphology study details the spatial patterns 

of displacement-magnitude for four eartllquakes, a pair on each of two 

adjacent fault segments (Figure 6.3). The Thousand Springs and 

Mackay Segments are located at tlle center of the Lost River fault in 
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Figure 6.3 Location map for the Thousand Springs and Mackay 
segments of the Lost River fault in east-central Idaho. The 1983 
earthquake ruptured along the Thousand Springs segment and within 
the segment boundary (Chapter I). 
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east-central Idaho (Scott et al., 1985). The 1983 Borall Pealt 

earthquake (Bucknam and Stein, 1987) is critical to the study 

because it ruptured the Thousand Springs Segment (Crone et aI., 

1987) and also ruptured within the segment boundary (Chapter 1). 

Furthermore, 1983 surface ruptures were almost always found at the 

trace of previous surface faulting. 

This study asks four questions. 1) Has the centroid of rupture 

area remain fixed or shifted along the trace of the fault? 2) Were the 

earthqualtes of the same large magnitude, or were they of various 

magnitudes? 3) How much did adjacent ruptures overlap? 4) Did 

earthqualtes on one segment prompt faulting on the adjacent 

segment shortly thereafter? 

Methods 

Sites along the rupture traces were selected for measurement 

of net tectonic throw (Chapter 5). The longitudinal profiles of faulted 

streanl terraces and alluvial fans were surveyed and throw was ta1ten 

as the vertical separation of that topographic profile. Longitudinal 

profiles allow measurement of net throw across the whole rupture 

zone, and terraces or fan surfaces are potentially datable horizons 

recording subsequent earthqua1tes. Throw was taken as the vertical 

profile-separation measured at the center of the rupture zone. 

Vertical profile-separation was measured at the margins of the 

rupture zone and used as a relative uncertainty in throw. At 

inaccessible stream terrace sites, and where (soil-mantled bedrock) 

-.. --------------
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hillslopes were ruptured net throw was measured in the field by eye. 

As a vertical separation, throw is an apparent vertical displacement, 

in contrast to the usage of some geologists. However, net throw data 

can be converted to the vertical component of fault slip if the profile 

gradient is measured, and if an assumption of fault dip can be made 

(Chapter 5). 

The traces of latest Quaternary surface ruptures (Figure 6.1) 

were mapped on aerial photographs and transferred to maps using a 

stereographic plotter. Plate 1 of Crone et al. (1987) was used for 

1983 rupture along the Thousand Springs Segment, and previously 

undocumented 1983 surface ruptures are discussed in Chapter 1. 

The map pattern of surface ruptures indicates the fault is corrugated, 

changing strike over 1 to 10 km length scales. The segment 

boundary is located at a longer scale (15-20 km) salient-bend in the 

range-front fault. The rupture trace used here is the projection of 

fault subsections to the horizontal plane at altitude of 2200 m (7200'). 

Along that trace was measured the "horizontal distance along the 

fault" for use in the figures that follow. The zero datum for horizontal 

distance was arbitrarily set at Vance Canyon (between points I and H 

on Figure 1.2) within the segment boundary. Chapter 3 argues the 

Thousand Springs Segment of the fault is moderately dipping (~48°) 

and is linear in cross section. Using this information, structural 

contour maps of the Lost River fault were constructed in Chapter 4, 

for the purpose of estimating local fault dips so that vertical tectonic 

displacements could be calculated from throw data. To that end, the 
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influence of the two models in Chapter 4 is nearly indistinguishable 

because both assume moderate fault dips, and because the calculation 

is more dependent on topographic pronIe gradient (Chapter 5). 

The earthqual\.es discussed here occurred during a specific 

time period - the past 17 l\.y or so. We know when each earthquake 

occurred (discussed later), but the age of individual faulted landforms 

and therefore the number of earthquakes recorded is not always 

clear. Forlunately, alluvial fans and cones developed during the most 

recent glacial but were incised as supplied water and sediment 

decreased dranlatically about 15 14C kyago (Pierce and Scott. 1982). 

The age 15 C 14 ka converts to :::: 17 ka in calibrated calendar years 

before present (Stuiver and Reimer, 1993). These late-glacial fans 

are prominent in the landscape and have relatively distinct 

geomorphic character (Scott, 1982). Therefore these youngest, 

prominent fans comprise most of the study sites of this report, and 

ostensibly provide a spatially uniform period of record for cumulative 

displacement. In order to evaluate landform age, independent of 

"Geomorphic character" is admittedly an intuitive criteria. so 

landform age was tested using a soils chronosequence (Figure 6.4) 

developed by a parallel study (Vincent et al., 1994). 

Soils in the study area are developed in well-washed alluvium 

capped by a thin (10 cm) horizon of loess. Gravel clasts occupy 30% 

to 70% of the soil volume and are predominantly of limestone 

lithology (Vincent and Chadwick, 1994). The soils exhibit secondary 

(pedogenic) calcium carbonate development tl1at is most visible as 

...... _ ..... _._--------
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carbonate coatings on the bottom of gravel clasts. The thiclmess of 

these coatings has proven to be an excellent tool for estimating 

landform age (Vincent et al .. 1994; Pierce. 1985; Pierce and Scott. 

1982; Scott. 1982). Gravel clasts are broken and coating-thickness is 

measured where the coating is laminar and at. its thickest. The 

thickness of ",20 coatings talten from the (20 cm thick) horizon of 

maximum carbonate accumulation are then averaged (Figure 6.4). 

Average coating-thickness values (in mm) are labeled on Figures 6.5A 

and 6.6A. and late-glacial fans and terraces should have average 

coating-thickness of about 1.1 mm. Reproducibility tests suggest the 

average coating-thickness values should be accurate to within 10 or 

20% (Vincent et al.. 1994), if the soil has not been stripped. The 

chronosequence confirms the late-glacial categorization of fans, and 

allows age estimation of younger terraces and alluvial cones that are 

faulted or not faulted. 

Results and Discussion 

Because of the questions being asked by this study the 

possibility of a medium sized earthquake. for example. can not be 

discarded for practical expediency. Nor can the interpretation of 

where a specific earthquake did and did not rupture be talten lightly. 

The logic trail is ill~minated carefully below. 

Displacement of the Thousand Springs Segment 

At the Doublespring Pass Road trench site along the Thousand 

Springs Segment (Figure 6.3), two earthquakes have occurred since 
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the late-glacial (Schwartz and Crone, 1985; Scott et al., 1985). That 

site is located at -13 km along the fault trace (Figure 6.5). 

Furthermore, surface rupture irom the 1983 Borall Peal\. earthqual\.e 

follows along a prehistoric fault scarp, and with similar deformation 

style as previous rupture. I infer that late-glacial landforms all along 

the Thousand Springs Segment should record surface faulting irom 

two earthquakes. The age of the penultimate earthqual\.e has been 

constrained to be between 9 and 10 thousand radiocarbon years ago, 

based on analysis of charcoal pre-dating, and charcoal post-dating the 

event (Chapter 2; Vincent et al., 1994). The age constraints are 

closer to 10 and 11 thousand if calibrated to calendar years (Stuiver 

and Reimer, 1993). 

The 1983 Borah Peak earthquake ruptured within the boundary 

between the Thousand Springs and Mackay fault segments (Chapter 

1). The 1983 faulting was located along a prehistoric surface rupt.ure 

trace. Locally, cumulative throw for the 1983 plus prehIstoric 

rupture could be measured reliably, and those data are shown on 

Figure 6.5A. At many of t.hose locations cumulative throw was 

measured using the sole stream t.errace at. the sites, and t.hese 

terraces are certainly lat.e-glacial or younger. Cumulative throw was 

also measured at select. hillslope sites, but the period of preservation 

is in question. It. is very unlikely these low, prehistoric scarps on 

steep (l0° to 20+°) hillslopes could have survived the surface 

intensive erosional processes of the last glacial. In some cases, 

hillslope scarps are located only a few hundred meters from a glacial 

---------------._--------



S. Thousand Springs Segment A 

o~~~~~~--~~~~~~--~~--~~~----~ 

E 6 

5 

3 

2 

1 

o 
-15 

• I • 
I Earthquake at 10 to 11 ka 

I I 
B 

~ ~ (, I I~ ) 
I 

1 t 
I 

___ 1983 .I \ 
T , \~?-9-? 

'-..:.. -~~ 
• • ,",;"-....--,.: 

~~ 

-10 ·5 o 5 
Length along the fault trace, km 
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the Thousand Springs segment of the Lost River range-front fault, 
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moraine. On the other hand, the prehistoric scarps may be from the 

penultimate earthquake on the Thousand Springs Segment, and if so 

have survived for 10 or 11 kyo The period of record for t.he 

cumulative throw data from within the segment boundary is also 

probably post late-glacial, but not assuredly. 

The data is interpreted on Figure 6.5B as representing all 

vertical displacement for two nearly identical earthqual{es t11at 

occurred since the late-glacial (",,17 ky). The displacement pattern 

for the 1983 earthquake is straightforward: along the southern half of 

the Thousand Springs Segment vertical displacement was uniform 

and large magnitude (",,2 m), and within the segment boundary 

vertical displacement was uniform and low magnitude (",0.5 m). The 

1983 displacement magnitude is uniform in the segment boundary 

even though displacement occurs on two rupture traces (trace F-G 

and trace H-L of Figure 1.2). The 1983 Rupture trace A-D has been 

interpreted as a head-scarp of a block landslide that obscures faulting 

on the range-front fault (Chapter 1), thus throw data for the head

scarp is not shown (from -2.5 to -4.5 km ) in the interpretation of 

Figure 6.5B. 

The pattern of cumulative displacement for t.he two events 

along the Thousand Springs Segment is also interpreted as uniformly 

large magnitude (",,4 m). The fan site located at -6 km is by every 

indication of late-glacial age, but has throw closer to the 1983 

earthquake than to throw of all other late glacial fans (Figure 6.5A). 

At that site 1983 ruptures occur at a prehistoric scarp, but nearby a 

-. -.-.. __ ._-----------
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second 1983 trace was the first to break the surface. The datum at 

-13 l{m may not record all of the cumulative displacement, and thus 

is given little weight in the interpreted pattern in figure 6.58. 

Interpretation of prehistoric ruptures in the segment boundary 

depends on how many earthquakes are recorded. Many potential 

sites within tlle boundary were searched in vain for prehistoric, post 

late-glacial scarps. Prehistoric fault scarps were found only where 

1983 ruptures also occurred (except for the Lone Cedar trace 

probably associated witll rupture on the Mackay Segment discussed 

later). Since prehistoric scarps are located with 1983 ruptures (and 

apparently not at other locations too) it is easy to presume tllat they 

were formed by only tlle penultimate earthquake on t.he Thousand 

Springs Segment and tlle 1983 event.. This is not known for certain. 

Along rupture trace I-L (Figure 1.2) tlle 1983 throw is uniformly 30 

cm and tlle cumulative tllroW is close to 60 cm. The two events 

typically have the same displacement magnitude. However, this trace 

logically extends to the short rupture near point H (Figure 1.2) where 

1983 throw is <10 cm but cumulative throw is 60 cm. Cumulative 

throw and 1983 throw are also disparate along rupture trace F-G 

located uphill from point H, where 1983 throw is again 30 em but the 

cumulative is closer to 1 m. It is possible that rupture from the 

penultimate eartllquake was larger than in 1983 on the 3 km long 

trace F-G. There is one, but only one, other location where the two 

events did not have nearly the same displacement magnitude (the 

Dickey Peak trace on Figure 1.5). However, it is possible the 
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penultimate eartilquake ruptured only trace H-L and its extension 

nortilwest past point H toward the range front fault. It is possible 

tilat the prehistoric ruptures on trace F-G were caused in part or 

totally by a third eartilquake. The possibility of this third earthqualte 

is allowed for in the interpretation on Figure 6.58. 

Displacement on the Mackey Segment 

There are prominent late-gla<:ial fault scarps along the Mackay 

Segment with considerable tectonic throw (Figure 6.6A), but 

interpretation of tile data depends on the number of earthquakes 

recorded. A fault trench located near Lower Cedar Creek (at 21 km) 

has revealed evidence for several late Quaternary eartilquakes. The 

fan timt is faulted is older than late-glacial (50 to 150 1m), but the 

youngest rupture tilere occurred after deposition of Mazanla ash (",,7 

ka) and apparently just after deposition of 4,320 year old "organic 

matter" (Scott et al., 1985). The age of the organic matter is 4,900 ± 

3,000 (Two sigma) calibrated calendar years (Stuiver and Reimer, 

1993). This trench site is located along the trace of tile Mackay 

Segment but is at the SE end. Along the entire length of the Mackay 

Segment are morphologically young scarps (Crone and Haller, 1991), 

conceivably middle Holocene in age and thus consistent with the 

earthqualte at 5 1m. This youngest event is probably recorded on the 

rest of the Maclmy Segment as well. 

A fault trench near Lone Cedar Creek has revealed evidence for 

two prehistoric eartilqualtes that have ruptured tile surface since tile 
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late-glacial, and the younger event again occurred after Mazama ash 

(Crone and Haller, 1991). The Lone Cedar trench (3.2 km on Figure 

6.6). is along a fault trace at the front of the segment. boundary (Figure 

1.2) not on the Mackay Segment range-front fault. Notice that 

displacement on the Lone Cedar trace decreases in magnitude away 

from the segment.. The small displaced fans on that trace have soils 

with carbonate coating thicknesses of 0.7 mm (Figure 6.4). and are 

inferred to be the result of minor aggradation at "" 12 ka ',vhen climate 

of the area was in transition (Vincent et al,. 1994). I infer the 5 1m 

event ruptured both the Mackay Segment and the Lone Cedar trace. 

Penultimate surface rupture occurred at the Lone Cedar trench 

prior to 7 ka (Mazama ash) but after"" 171m (late-glacial) (Crone and 

Haller, 1991). The soils on the nearby small fans ruptured only by the 

5 ka event, indicate the penultimate event occurred before 121m 

(calibrated calendar years). Evidence at one site on the Mackay 

Segment suggest.s the older earthquake ruptured tlIere as well. 

At "Long Gulch" (16 km on Figure 6.6) on tlIe Mackay Segment 

there is a beveled scarp formed in late-glacial alluvium (Figure 6.7). 

One interpretation of the site is that the late-glacial stream terrace 

sloping 15° was faulted by one earthqualte. A soil pit dug near 58 m 

on Figure 6.7 exposed a 30 cm thick deposit of alluvium overlying 

older alluvium, and tlIe soil development in tlIe younger deposit (0.4 

mm) ostenSibly suggests it could be 5 ky old (Figure 6.4). This means 

the scarp wash -slope (between 52 and 66 m on Figure 6.7) deposited 

at the foot of the scarp with, coincidentally, nearly tlIe precise angle 
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Figure 6.7 Longitudinal profile of terrace at "Long Gulch" with a 
beveled scarp. The terrace is displaced by rupture on the Mackay 
Segment of the Lost River fault, and the site is located SW of 
Mount McCaleb at X kIn on Figure 6.6. 

Soil development on the surface inclined 15° indicates the 
terrace is late-glacial (carbonate coating thickness = 1.1 mm). A 
soil pit excavated just below the fault zone exposed a 30 cm thick 
Holocene deposit (carbonate coating thickness = 0.4 mm), that 
overlies older alluvium. 

The data is interpreted as a terrace faulted by an earthquake 
after the late-glacial and the scarp was subsequently beveled to a 
smooth gradient of"" 17°. The dashed lines are the reconstruction 
of thIs surface. Then a Holocene earthquake ruptured the bevel 
with throw of"" 1.4 m. 
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(17°) as the scarp-crest bevel that is above the steeper middle scarp 

(38 to 52 m). The scarp-crest bevel (20 to 38 m) would have 

unexplained origin. The alternative model is that the "Long Gulch" 

site is the result of two earthquakes. The late-glacial stream terrace 

(sloping 15 0) was faulted and the scarp was eroded to a smooth 17° 

bevel. Faulting occurred a second time and that scarp is now inclined 

a maximum of 25°. Fault scarp morphology data supports this model 

(see summary of data in Menges. 1990). Assuming two events. throw 

for the younger event is 1.4 m. but scarp height as used in 

morphology relationships is "" 6 m. the elevation difference of scarp 

crest and scarp toe. Using 6 m scarp height and maximum slope of 

25° yields an age that is conceivably 51m. Using 6 m and 17° suggests 

an age for the older event more on the order of 15 ka. 

If the 4 m of post late-glacial displacement on the Mackay 

Segment was caused by one earthquake it would not have been 

unbelievably large. Seismic moment can be calculated as discussed in 

Chapter 5. Using fault length of 15 km with average slip of 4 m. plus 

a 5 km long section with 1.3 m average slip (and the other 

assumptions in chapter 5) seismic moment would be "" 4.7 * 1026 

dyne-cm. Recall the Borall Peak earthqual{e moment was close to 3 * 

1026 dyne-cm (chapter 5). For reference. the seismic moment was 

10 * 1026 dyne-em for the 1959 Hebgen Lake earthquake. the largest 

historic earthquake in the Intermountain Seismic Belt (Doser. 1985). 

If two events occurred on the Mackay Segment. their moments would 
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have been close to that for the Borah Peak moment, if tails of rupture 

are added to the calculation. 

The data is interpreted on Figure 6.6B as two similar 

earthquakes. 

Conclusions 

Using the facts and assumptions above, the composite of 

ruptures on the Thousand Springs Segment, the Mackay Segment, 

and within their segment boundary is interpreted on Figure 6.8. 

The cumulative vertical displacement since the late-glacial is 

uniformly 4 m along both segments. The surface ruptures for the two , 

earthqualt.es on the Thousand Springs Segment are nearly identical in 

magnitude and spatial location. Data for the Mackay Segment can be 

interpreted as the result of two earthqualt.es that are similar to one 

another, and similar to the Borah Peak earthquake. Prehistoric 

displacement on rupture trace F-G (Figure 6.5) is ascribed to the 

penultimate earthqualt.e on the Mackay Segment. There is no 

compelling evidence for medium sized earthquakes. In summary, the 

characteristic earthquake model (Schwartz and Coppersmith, 1984) 

is all that is required to explain the data. This is a positive conclusion 

in that it supports the current methodology for evaluating earthquake 

hazards in the United States (Art Frankel, oral comm., 1995). 

If only three earthquakes are recorded in the Mackay Segment 

data, three fairly similar earthqualt.es explain all the data except the 

penultimate event on the Lone Cedar trace. 
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There is an apparent slip deficit within the segment boundary. 

Only 2 m of vertical displacement can be documented in the segment 

boundary compared to 4 m of displacement on the acljacent 

segments. Although the possibility of medium sized earthquakes 

within the boundary can not be ruled out. the deficit can also be 

explained as distributed shear between the various faults within the 

boundruy. 

The triggering of an earthquake on one segment by the 

occurrence of an earthqual\.e on an acljacent segment is a popular 

topic and has implications for evaluating earthqual\.e hazards. Both 

the Hebgen Lal\.e earthqual\.e and the Dixey Valley/Fairview Peal\. 

earthqual\.e were double events occurring seconds to minutes apart 

(Doser. 1985). However. geologic data does not support the concept 

of triggering over longer time scales (Tony Crone. oral comm .. 1995). 

For example. the four earthqual\.es of this study alternated from one 

segment to the other. and it is possible the temporal sequence of 

earthqual\.e dates was 151m. 10 kat 5 kat and 0 ka. Unfortunately. the 

concept of triggering can not be ruled out statistically (Walter Arabaz. 

oral comm .. 1995). 
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APPENDIX 1 

Ground surface throw data for the 1983 Borah Peak, Idaho, 

earthquake from. Plate 1 of Crone et al. (1987). Throw data has been 

converted to the vertical component of fault-slip (see Chapter 5) using 

ground surface gradient and an estimate of fault dip made using the 

model on Figure 4.2. 

Sile Length Fault Throw. m Profile Fault Vertical 
on Fault. StrlkeO GradlentO Dlpo Slip. m 

km 
Elkhorn Cr. 2.14 169 0.1 32 57.45 0.16 

2.5 169 0.21 18 57.45 0.26 
3.48 169 0.3 37 57.45 0.58 
4.66 169 0.65 30 57.45 1.02 
5.20 169 0.52 22 57.45 0.70 
5.43 169 1.33 21 57.45 1.76 
7.12 169 1.2 28 57.45 1.80 
7.64 169 1.71 18 57.45 2.15 

Cedar Cr. 8.12 169 1.55 22 57.45 2.08 
9.22 169 0.89 28 57.45 1.35 

10.13 169 2.10 27 57.45 3.13 
10.17 169 2.70 27 57.45 4.02 
11.21 144 2.55 9 48.01 2.98 
11.57 144 1.48 26 48.01 2.68 
12 144 2.10 5 48.01 2.26 
13.3 144 1.52 3 48.01 1.60 

West Sp. Block 13.98 181 1.1 23 65.00 1.37 
West Sp. I3Iock 14.17 181 1.30 24 65.00 1.64 
West Sp. Block 14.74 152 1.18 0 50.21 1.18 
West Sp. Block 15.77 152 0.45 26 50.21 0.77 

16.29 152 1.65 11 50.21 1.98 
16.35 152 1.45 11 50.21 1.74 
16.79 152 0.65 24 50.21 1.03 
17.23 152 1.33 24 50.21 2.11 
17.65 152 1.05 15 50.21 1.35 
18 152 0.55 43 50.21 2.35 
18.86 152 0.65 26 50.21 1.1 I 
19.22 152 1.04 28 50.21 1.87 
20.64 156 2.05 22 51.58 3.00 
21.06 156 0.96 32 51.58 1.87 
21.56 156 1.45 15 51.58 1.84 
21.9 156 1.20 24 51.58 1.88 
21.98 156 0.80 25 51.58 1.27 
22.24 156 0.95 1 I 51.58 1.13 
22.38 156 1 18 51.58 1.36 
22.9 156 0.05 24 51.58 0.08 

Gap In Rupture 

- -- ----------------------
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Sile Len~lh Faull Throw, 111 Prortle Faull VerUcal 
on Faull, Slrlkeo Gradlenlo Dlpo Slip, m 

km 
27.7 142 0.00 0 47.57 0.00 
28.1 142 0.58 36 47.57 1.72 
29.12 142 0.60 28 47.57 1.17 
29.46 142 1.00 26 47.57 1.84 
29.92 142 0.80 24 47.57 1.34 
30.25 142 0.20 22 47.57 0.31 

Gap In Ruplure 142 
32.46 142 0.03 II 47.57 0.04 
32.94 142 0.10 22 47.57 0.16 
33.08 142 0.05 22 47.57 0.08 
33.35 142 0.17 17 47.57 0.24 
33.7 142 0.10 28 47.57 0.19 
34.16 142 0.05 11 47.57 0.06 
34.47 142 0.08 36 47.57 0.24 

34.8 142 0.12 28 47.57 0.23 
35.18 142 0.07 28 47.57 0.14 
35.55 142 0.02 28 47.57 0.04 

McGowen Cr. 36.2 
W. SecUon 21.6 133 0.00 0 46.06 0.00 

22.25 133 0.35 22 46.06 0.57 
22.33 133 0.45 9 46.06 0.53 
22.5 133 0.35 14 46.06 0.46 
22.7 133 0.03 5 46.06 0.03 

Arenlson Gulch 23.34 106 1.40 6 45.94 1.55 
23.79 106 1.60 8 45.94 1.84 
24 106 0.80 22 45.94 1.30 
24.05 106 1.50 15 45.94 2.02 

24.27 106 1.10 16 45.94 1.52 

24.52 106 0.80 22 45.94 1.30 
26.4 106 0.00 15 45.94 0.00 
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APPENDIX 2 

Ground surface throw (T) data for the 1983 Borah Peak, Idaho, 

earthquake from this report. Measurements along the Thousand 

Springs segment of the Lost Hiver fault were made by eye or by 

surveying the longitudinal profile (LP) of fluvial landforms. 

Site Length Fault 1983 1983 T+ T- Surface Faull 
on faull. Slrlkeo Throw Throw GradlentO Dlpo 

km (eye). (LP)' m 
m 

2.44 0.1 18.00 50 
2.13 0.15 21.00 50 
2.04 15.00 50 
1.56 0.2 28.00 50 

Sawmill GI. 
up 1.02 0.2 33.00 25 
ridge, up 0.68 0.3 8.53 25 
ridge ,low 0.68 0.15 16.00 50 
Vance low 0 0.05 12.00 50 
up 0 0.2 28.00 46 

-1 0.3 20.00 41 
Elkhorn. up -2 0.3 17.00 41 
Elk upN -2.44 0.2 21.00 41 
bend -4.28 
Elk. down -2.44 0.21 17.00 30 

-4.75 169 1.2 16.00 57.45 
-5 169 1.5 15.00 57.45 
-5.26 169 1.5 1.8 1.4 14.00 57.45 
-5.98 169 1.6 15.00 57.45 
-6.28 169 1.5 15.00 57.45 

Birch Sp Cr -8.82 169 1.8 2.3 1.4 7.18 57.45 
Birch fan -8.88 169 4.5 2.9 6.16 57.45 
bend -10.26 
Rock Cr -10.37 144 1.9 2.2 1.6 2.58 48.01 
Willow Cr -13.02 144 2.3 2.5 2.1 1.98 48.01 
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The vertical component of fault-slip (VS) converted from throw 

data for the 1983 Borall Pealt earthquake (see Chapter 5) using ground 

surface gradient and an estimate of fault dip made using the model on 

Figure 4.2. 

Site Lenglh 1983 VS 1983 VS VS+ VS -
on fault. (eye). m (LP). m 

km 
2.44 0.14 
2.13 0.22 
1.56 0.36 

Sawmill GJ. 
ridge. up 0.68 0.42 
Vance low 0 0.06 
up 0 0.41 

-0.18 0.45 
-I 0.52 

Elkhorn. up -2 0.56 
bend -4.28 

-4.75 1.47 
-5 1.81 
-5.26 1.78 2.14 1.66 
-5.98 1.93 
-6.28 1.81 

Birch Sp Cr -8.82 1.96 2.50 1.52 
bend -10.26 
Rock Cr -10.37 1.98 2.29 1.67 
Willow Cr -13.02 2.37 2.58 2.17 
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Cumulative ground surface throw (T Sum) data for the 1983 

Borah Peak earthquake plus a previous earthquake from this report. 

Measurements along the Thousand Springs segment of the Lost River 

fault were made by eye or by surveying the longitudinal profile (LP) of 

fluvial landforms. 

Sile Len~lh Faull SumT SumT T+ T- Surface Faull 
on faull. Slrlkeo (eye), m (LP),m Gradlenlo Dlpo 

km 
2.04 0.5 15.00 50 
1.56 28.00 50 

Sawmill 
lobe 1.36 0.6 9.00 50 
ridge ,low 0.68 0.7 8.75 50 
ridge ,low 0.32 0.5 12.95 50 
Vance low 0 0.6 12.00 50 
vance up -0.22 l.I 1.3 0.8 14.00 46 
Elkhorn, up -~ 0.8 12.00 41 
Block Glide -3.95 1.7 
S of high -4.75 169 3.5 4.2 2.8 18.26 57.45 
N of high -5.98 169 2.1 2.6 1.6 21.80 57.45 
Birch fan -8.88 169 3.7 4.5 2.9 6.16 57.45 
bend -10.26 

-10.52, 144 4.4 4.9 3.9 2.92 48.01 
Fan -12.88 144 4.3 4.7 3.9 2.23 48.01 
RB Terrace -13.02 144 4.6 5.2 4 1.83 48.01 
Fan -13.28 144 4.7 5.1 4.3 2.2 48.01 
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The cumulative vertical component of fault-slip (VS Sum) for the 

1983 Borah Pealt earthqualte and a previous earlhqualte on lhe 

Thousand Springs fault segment converted from throw data (see 

Chapter 5) using ground surface gradient and an estimate of fault clip 

made using the model on Figure 4.2. 

Site Len~th VS Sum VS Sum VS + VS -
on fault, (eye), m (LP), III 

km 
2.04 0.65 
1.56 

Sawmill 
lobe 1.36 0.69 
ridge ,low 0.68 0.80 
ridge ,low 0.32 0.62 
Vance low 0 0.73 
vance up -0.22 1.45 
Elkhorn, up -2 1.06 
Block Glide -3.95 
S of high -4.75 4.43 5.32 3.55 
N of high -5.98 2.82 3.49 2.15 
Birch fan -8.88 3.97 4.83 3.11 
bend -10.26 

-10.52 4.61 5.14 4.09 
Fan -12.88 4.46 4.87 4.04 
HB Terrace -13.02 4.74 5.35 4.12 
Fan -13.28 4.87 5.28 4.45 
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Cumulative ground surface throw (T Sum) data for post late-

glacial eartllqualtes from this report. Measurements along the Mackay 

segment of the Lost River fault were made by eye or by surveying the 

longitudinal profile (LP) of faulted fluvial landforms. 

Site Length on Fault Throw Throw T+ T- Surface 
Fault, km StrlkeO (eye).m (LP). m GradlentO 

1.84 117 0.5 11 
2.4 117 0.7 1 I 
2.3 117 I I I 

8/29 2.56 117 1.2 0.9 9.69 
3 117 1.2 I I 

trench 3.26 117 1.7 14 
bend 4.4 
bend 5.24 
S of Lone 5.9 102 3.1 
S of Lone 5.9 102 3.1 3.6 2.6 10.4 
Ram Skull 6.56 102 3.1 3.6 2.6 25.86 
bend 7.83 
Jones 7.94 
S of Jones 8.5 131 3.1 3.6 2.6 22.18 
bend 8.77 
not so perfect 9.14 108 2.4 2.9 1.9 21 
Pete Cr. 9.96 108 4 4.2 3.8 6.9 
bend 10.34 
Upper Cedar, 12.4 138 4 4.2 3.8 2.1 
Edge of map 13.52 
Mary's fan 13.8 138 2.7 3 2.4 24 
500mN 14.24 138 2.3 2.9 1.7 27 
8/25 old 14.97 138 2.1 2.6 1.6 22 
Long Gulch 16.18 138 3 3.3 2.7 15 
Long Gulch 16.18 138 1.4 1.7 l.l 17 
bend 17.13 
branch 17.46 101 2 2.5 1.5 12 
Mc S terrace 18.68 101 2.5 3 1.7 11 
8/28 chute 19.44 101 1.7 2.1 1.3 16 
bend 19.77 
L. C. fan 20.69 133 1.4 0.6 16.1 
L. C. trench 20.75 133 
Lower Cedar 20.88 133 
Swauger 24.46 133 I 7 
Swauger 24.56 133 1.2 7 
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The cumulative vertical component of fault-slip (VS) for 

earthquakes on the Mackay fault segment converted from throw data 

(see Chapter 5) using ground surface gradient and an estimate of fault 

dip made using the model on Figure 4.2. 

Site Length on Fault VS (eye). VS (LP). VS+ VS -
Fault. km Dipo m 01 

1.84 45.22 0.62 
2.4 45.22 0.87 
2.3 45.22 1.24 

8/29 2.56 45.22 1.20 1.44 1.08 
3 45.22 1.49 

trench 3.26 45.22 2.26 
bend 4.4 
bend 5.24 
S of Lone 5.9 46.48 
S of Lone 5.9 46.48 3.75 4.36 3.15 
Ram Skull 6.56 46.48 5.74 6.67 4.82 
bend 7.83 
Jones 7.94 
S of Jones 8.5 45.83 5.13 5.96 4.30 
bend 8.77 
nol so perfect 9.14 45.73 3.84 4.63 3.04 
Pete Cr. 9.96 45.73 4.53 4.76 4.31 
bend 10.34 
Upper Cedar. 12.4 46.80 4.14 4.35 3.94 
Edge of map 13.52 
Mary's fan 13.8 46.80 4.64 5.16 ·U2 
50001 N 14.24 46.80 4.41 5.56 3.26 
8/25 old 14.97 46.80 3.38 4.19 2.58 
Long Gulch 16.18 46.80 4.01 4.41 3.61 
Long Gulch 16.18 46.80 1.96 2.38 1.54 
bend 17.13 
branch 17.46 46.64 2.50 3.13 1.88 
Mc S terrace 18.68 46.64 3.06 3.67 2.08 
8/28 chute 19.44 46.64 2.33 2.88 1.78 
bend 19.77 
L. C. fan 20.69 46.06 1.39 1.94 0.83 
L. C. trench ?'0.75 46.06 
Lower Cedar 20.88 46.06 
Swauger 24.46 46.06 1.13 
Swauger 24.56 46.06 1.36 
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