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Claim

With the aide of Boore and Joyner’s analysis of site amplifications [3], 
and my analysis of the geologic composition of the Homestake Mine 
[4], I claim their velocity model for depth-dependent shear waves can be 
applied to the Homestake environment without loss of specificity. 



Overview of Boore and Joyner (1997)

A power law representation for the velocity (as a function of depth) of 
shear waves is calculated from borehole data—we could use the data 
from active site and other underground experiments.

The authors use this and studies of crustal velocities to compute 
frequency-dependent amplifications for zero attenuation for use in 
simulations of strong ground motion. [1] [See Appendix]



Power Law Representation of Depth-dependent Shear Waves

Note(s): Found on p.7 of [1]

Compare this with Victor’s slide from the October 

conference i.e. velocity of depth-dependent P-

waves.

The difference between so-called generic rock and 

very hard rock sites is significant.



Functional Values for Power-Law Representation

Tables 1 (above) and 2 (right): Found on ppg. 6 and 8 of 

[1], respectively. 

These values were calculated [1] with average velocities 

from the borehole data (<30 m.)



Rock Sites v. Very Hard Rock Sites

• Rock:

Described by terms such as ‘granite,’ ‘diorite,’ 

‘gneiss,’ ‘chert,’ ‘graywacke,’ ‘limestone,’ 

‘sandstone,’ or ‘siltstone,’ etc. [2] [6]

• Very Hard Rock

Typical of rocks found in glaciated regions in large areas of eastern North 

America or in portions of western North America [1] e.g. geology of the 

Appalachians. 

Rock Hardness (on Mohs scale)

granite 5.0 - 7.0

diorite 4.8 - 6.2

gneiss 5.3 - 6.5

chert 7.0

limestone 2.0 - 5.0

sandstone 2.0 - 7.0

Table 3



Homestake: Rock or 
Very Hard Rock?
Fig. 2 (right): From p. J6 of [3]

This diagram shows/lists the major 
mineral constituents of the major 
formations within the Homestake
Mine. Tables containing modal 
percentages of representative 
minerals found in each formation [3] 
is in the Appendix.

Next: Estimate the hardness of each 
formation in question. 



Methodology

• Main assumption: hardness of materials is an additive quantity [5]

• Using Tables J1, J3, and J5—shown in Appendix [3]:

• Estimate hardness ( 𝐻𝑀) of each site using a normalized weighted average; i.e.

 𝐻𝑀 = 

𝑖∈𝑆

𝑤𝑖(𝐻𝑀)𝑖 (1)

where 𝑆 spans the sample space consisting of the pertinent minerals in each 
table, 𝑤𝑖 is the percent mineral composition, and (𝐻𝑀)𝑖 is the hardness of each 
constituent mineral [See Appendix]



Rock Type Hardness (on Mohs scale) Location

HPS 5.2 - 6.1 3800 level, Yates Shaft area

HPS 5.2 - 6.1 4100 level, Yates Shaft area

HPS 5.3 - 6.2 4850 level, Yates Shaft area

CS 4.2 - 4.4 7700 level, No. 6 Winze

HBCS 3.8 - 4.4 4100 level, Yates Shaft area

GQSP 4.9 - 5.4 8000 level, 21 Ledge

GQSP 4.2 - 4.6 8000 level, 19 Ledge

GQSP 3.5 - 4.1 4850 level, 15 Ledge

SCQP 4.2 - 4.6 4100 level, Ross Shaft area

SCQP 3.7 - 4.1 4850 level, 4 Winze area

SCQP 3.9 - 4.3 6800 level, near Main Ledge

BQCP 4.1 - 4.4 4850 level, 15 Ledge

BQCP 3.6 - 4.0 7700 level, 6 Shaft area

Poorman Formation: 
Composition and Hardness
HPS: hornblende plagioclase schist

CS: carbonate-rich schist

HBCS: hornblende-biotite-carbonate schist

GQSP: graphitic quartz-sericite phyllite

SCQP: sericite-carbonate-quartz phyllite

BQCP: biotite-quartz-carbonate phyllite

Note(s):

• The Poorman Lower Unit is almost exclusively 
composed of amphibolite [3]

• The Poorman Upper Unit is dominated by calcite 
and ankerite containing a significant pelitic
component along with minor amounts of dolomite 
[3]

Table 4



Homestake Formation: 
Composition and Hardness
GDS: grunerite-dominant schist

SDP: siderite-dominant phyllite

CQS: chlorite-quartz schist

Notes: 

• In the Homestake, in upper greenschist facies, 
siderite phyllite is dominant, whereas in lower 
amphibolite facies, grunerite is schist is dominant. 
[3]

• Chlorittic schist is important as a “translational” 
phase into the neighboring formations. [3] 

• The central mine is determined solely by the 
presence of both iron-carbonate and iron-silicate 
mixtures, while the east and west mine are 
composed of iron-carbonates and iron-silicates, 
respectively [3]

Table 5

GDS 4.1 - 4.9 4550 level, Main Ledge

GDS 5.3 - 6.0 4550 level, 9 Ledge

GDS 4.8 - 5.7 6800 level, 21 Ledge

GDS 3.6 - 4.2 6800 level, 21 Ledge

GDS (ore) 5.3 - 6.2 7200 level, 9 Ledge

GDS 5.0 - 5.9 8300 level, Pierce Structure (Main Ledge)

SDP (ore) 4.0 - 4.5 800 level, 7 Ledge

SDP 4.4 - 4.8 1700 level, 7 Ledge

SDP (ore) 3.1 - 3.8 6650 level, 9 Ledge

SDP 4.1 - 4.5 5750 level, 17 Ledge

SDP 4.3 - 4.6 5900 level, 17 Ledge

SDP (ore) 4.2 - 4.6 6800 level, 21 Ledge

CQS 5.3 - 5.8 800 level, 7 Ledge

CQS 4.5 - 4.9 5600 level, 11 Ledge

CQS 4.9 - 5.4 6950 level, 21 Ledge



Ellison Formation: 
Composition and Hardness
QMS: quartzite-mica schist

SQP: sericite-quartz phyllite

BQP: biotite-quartz phyllite

Note(s):

• The Ellison Formation consists mainly of phyllite, 
quartz-mica schist (QMS), and quartzite. [3]

Table 6

Quartzite 6.3 - 6.4 4550 level, 11 Ledge

Quartzite 7.0 6500 level, Main Ledge

Quartzite 6.8 6800 level, 9 Ledge

QMS 5.4 - 5.6 5900 level, 13 Ledge

SQP 4.1 - 4.4 2600 level, east of Yates Shaft

SQP 3.9 - 4.2 6800 level, Main Ledge

SQP 3.1 - 3.5 6800 level, 13 Ledge

SQP 4.4 - 4.7 6800 level, 15 Ledge

BQP 4.5 - 4.8 2600 level, east of Yates Shaft

BQP 4.0 - 4.4 6500 level, Main Ledge

BQP 4.9 - 5.2 6800 level, 9 Ledge

Amphibolite 5.1 - 5.9 Drill hole north of Lead, S. Dak.



Potential Issues

• “Directionality of incoming seismic wave”

• “…incidence angles of 30 ° and 45 ° were used to approximate the range of angles that would 
exist for events not directly under the site (the incidence angles would be smaller for input at 
shallower depths because of refraction).” [1]

It may be difficult to see in the figure 

on the left (found on pg. of [1]), but 

despite using a range of incident 

angles for an event, the amplification 

for generic rock sites are remarkably 

similar—especially at lower 

frequencies.

This hints that we may be able to 

conclude the shear waves are very 

similar in this range, but we may have 

to make more assumptions based on 

Equation 2 [See Appendix].



Conclusion

Comparison of the Homestake geology [3] and what the authors [1] 
deem generic rock and very hard rock: Clearly, the major formations 
within Homestake can be considered a “generic rock site”

Thus, the power-law representation for depth-dependent shear waves 
can be applied (possibly with modification) to the Homestake Mine 
without loss of specificity.



Appendix: 
Geology

Mineral Hardness (on Mohs scale)

Quartz 7.0

Hornblende 5.0 - 6.0

Biotite 2.5 - 3.0

Sericite/Muscovite 2.5 - 3.0

*Mg-chlorite aka Clinochlore 2.0 - 2.5

˚Intermediate Plagioclase 6.0 - 6.5

Rutile 6.0 - 6.5

Graphite 1.0 - 2.0

Siderite 4.0 -4.5

Ankerite 3.5 - 4.0

Calcite 3.0

Pyrrhotite 3.5 - 4.5

Pyrite 6.0 - 6.5

*Grunerite 5.0 - 6.0

˚Na-amphibole 5.0 - 6.0

*Fe-chlorite aka Chamosite 2.0 -2.5

*Garnet 6.5 - 7.5

Albite 6.0 - 6.5

Arsenopyrite 5.5 - 6.0

Epidote/Clinozoisite 6.0 - 6.5

Magnetite 5.5 - 6.5

Note(s): 

All of these values were found in [4] 
unless otherwise denoted.

“[Graphite is considered to be] the only 
carbon phase at metamorphic conditions 
of middle greenschist through middle 
amphibole facies.” [3]

*: indicates values obtained from the 
associated  Wikipedia article.

˚: indicates subgroup in which each 
constituent shares properties with each 
other constituent

Table 7



Poorman Formation 
Compostion
Fig. 1 (right): The modal mineral percentages 
of representative Poorman Formation as 
found on p. J11 of [3].

Note: Not all of these values are normalized. 



Homestake Formation 
Compostion
Fig. 2 (right): The modal mineral percentages 
of representative Homestake Formation as 
found on p. J16 of [3].

Note: Not all of these values are normalized. 



Ellison Formation 
Compostion
Fig. 3 (right): The modal mineral percentages 
of representative Ellison Formation as found 
on p. J19 of [3].

Note: Not all of these values are normalized. 



Notes on Amplification

From Boore and Joyner (1997):

• [T]he S travel time 𝑆𝑡𝑡(z) from the surface to depth z either is taken from 
downhole surveys or is computed using shear velocity as a function of depth; 

the average velocity to depth z, 𝛽 𝑧 , is z/𝑆𝑡𝑡(z) and the frequency 
corresponding to the depth, 𝑓 𝑧 , is 1/[4 × 𝑆𝑡𝑡(z)]; a travel-time-weighted 

average is taken of the density, 𝜌 𝑧 ; and the amplification is given by:

𝐴 𝑓 𝑧 =
𝜌𝑠𝛽𝑠

𝜌 𝑧 𝛽 𝑧
(2)
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