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and

Ms. Roxanne Kwan

Solid and Hazardous Waste Branch
State of Hawaii
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Dear Mr. Shalev and Mls. Kwan:

Subject: Honolulu Board of Water Supply (BWS) Comments on the Department of
the Navy (Navy) Report: Seismic Profiling to Map Hydrostratigraphy in the
Red Hill Area, Red Hill Bulk Fue! Storage Facility (RHBFSF) Joint Base
Pearl Harbor-Hickam, Oahu, Hawaii, March 30, 2018. Completed under
Red Hill Administrative Order on Consent (AOC) Statement of Work
(SOW) Sections 6 and 7

The BWS offers the following comments on the subject Seismic Study (Report) (Navy,
2018). A copy of the Report is enclosed as Attachment A for reference.

General Comments:

The Report acknowledges that conducting seismic imaging surveys within volcanic
terranes can be difficult due to the potential for abrupt vertical and lateral changes in the
physical characteristics (and seismic velocities) of the stratigraphic section but states it
has found reflectors that represent saprolite. Our review of the Report finds that this
conclusion is not defensible based on the data and analyses presented. In summary,
the Report relies on assumptions without any justification by data, ignores the variety of
geologic materials present in the valleys, lacks any comparison to properly logged wells
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or cores, appears to apply parameters that are most likely not applicable to Ko’olau
volcanics, and unjustifiably states it has delineated subsurface units and their hydraulic
properties.

Previous geologic studies of the Halawa and Moanalua Valleys have clearly
demonstrated that there are high degrees of stratigraphic and physical property
variability, both vertically and laterally in this area whereas the Report adopts a simpler
(and less representative) geologic model (Page 6, lines 23-32). Previous geologic
mapping and studies within the North Halawa, South Halawa, and Moanalua Valleys
and at Red Hill (e.g., Macdonald, 1941; Stearns, 1941; Wentworth, 1942, 1945; Red Hill
Tank Excavation logs, 1941 to 1943) have repeatedly documented that the lava flows
(a’a or pahoehoe), and thickness of intraflow structures (e.g., flow-top and flow-foot a’a
clinker deposits, a’a flow dense interiors, flow levees, pahoehoe dense interiors (filled
lava tubes), collapsed lava tubes, pressure ridges-tumuli, hornitos, etc.), within the
Ko'olua Basalt section commonly display great lateral and vertical variations across this
area. This inherent lateral and vertical variability in flow type and thickness makes it
extremely difficult to correlate individual lava flows, or sequences of lava flows, over
short distances with any certainty even where investigators had access to extensive
subsurface data (e.g., Macdonald, 1941; Wentworth, 19411; Red Hill Tank Excavation
logs, 1941 to 1943).

However, the Report provides no data or explanation how the variability in porosity,
density, and mineralogy of the different flow types and intraflow structures affects the
velocities caused by the geophysical methods used in this study. According to
references cited by the Report, density, amount of vesicles (gas or water filled voids),
and porosity do affect seismic wave velocities (Brandes et al., 2011; Von Voigtlander,
2015). Brandes, et al. (2011) note that large amounts of vesicles can significantly slow
down seismic wave velocities but the Report provides no discussion of how the large
variations in vesicles observed in the core from the RHMVW11 monitoring well in Halawa
Valley would affect their analysis. Furthermore, the Report does not point out that
Brandes, et al. (2011) studied shallow a’a flows on the Island of Hawaii whereas Von
Voigtlander (2015) studied very thin pahoehoe-type flows on the same island. The
Report should be revised to explain how their approach accounts for the significant
effects on seismic wave velocities from the physical properties and fiow types that vary
over short distances both vertically and laterally at their transects as well as
demonstrate that the seismic wave data from Hawaii are appropriate for use on Oahu.

According to the Report, their geologic model gives a “stratified seismic column that
makes for simpler imaging objective”. However, their model ignores the effects of the
different geologic units present in Halawa and Moanalua Valleys. The post-
emplacement erosion of deep valleys into the Ko'olau Basalt section and subsequent
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deposition of basaltic alluvial and colluvial sediments (and varying degrees of
diagenesis they have experienced) add another degree of complexity to the subsurface
geology that is not acknowledged by the Report. Geologic investigations of the Halawa
area (e.g., Wentworth, 1942, p.45-49; lzuka, 1992, p. 4-5) have recognized that the
valley-filling sediments can be subdivided into (1) younger (recent) alluvium that
consists of unconsolidated basaltic coarse gravel, sand, and minor silt/clay that is
actively being worked by the streams and (2) older alluvium that also consists of
basaltic coarse gravel, sand, and minor silt/clay that has experienced varying degrees
of weathering, secondary cementation, and compaction. The older alluvium deposits
directly overlie Ko'olau Basalt (likely weathered/altered basalt) in the Halawa Valleys
and may have different physical (and hydrogeologic) properties from the underlying
weathered basalt that affect the velocities of seismic wavess. The Report does not
assess the effects from the older alluvium deposits on seismic wave propagation and on
their interpretation of the seismic testing, which could be a significantly source of error in
their interpretation of the top and bottom contacts for saprolite.

Also, the Report ignores the potential confounding influences of paleosols (old buried
soils) on their geophysical study. This lack raises serious concerns because two of the
references cited in the Report, Brandes, et al. (2011) and Von Voigtlander (2015), both
point out that these buried soils can have a large impact by significantly slowing the
seismic wave velocities.

The Report does not provide an adequate explanation of the potential confounding
influences from water saturation and gradual transitions in degree of
weathering/alteration of the Ko'olau Basalt. As described by Hunt (1996, p. B14-B16),
the basalt "bedrock” has experienced varying degrees of weathering and alteration due
to water flux. Typically, the degree of weathering/alteration intensity is greatest (soft
clay to clay-rich, totally decomposed rock/sediment, i.e., “saprolite”) near the ground
surface and decreases with depth (“weathered basalt” and unweathered basalt).
According to studies of the transect area and Oahu, there is no sharp contact between
the saprolite and weathered basalt but instead a gradual transition. Yet the Report
assumes that there is in fact a sharp contact between saprolite and weathered basalt.
The weathering/alteration within the basalt section is gradational with depth, with
varying degrees of alteration occurring preferentiaiiy aiong zones of high permeabiiity
(e.g., clinker zones, cooling joints, flow levees, lava tubes, etc.) while adjacent lower
permeability basalt rock remains unaltered (“fresh”). The assumptions used in the
Report to make picks of the saprolite extent contradict what is known about the actual
weathering/alteration process in the Ko’olau Basalt.

Another significant flaw in this study is that no local verification of the Report's assumed
seismic wave velocities or the interpreted saprolite contacts. No borehole logging or
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geophysical logging was done to collect site-specific velocity data to serve as velocity
control data for the geologic units within the Halawa Valley area. The Report
acknowledges the fundamental importance of having accurate velocity control data for
interpreting and modeling, but the “control data” that are used (Table 1) are derived
from studies conducted elsewhere and that do not necessarily have the same
characteristics as the Report’s study area. As noted above, the Brandes et al. (2011)
and Von Voigtlander (2015) studies that provided nearly all the data in Table 1 focused
on very shallow a’a and pahoehoe, respectively, sites on the Island of Hawaii. The
Report should be revised to include collection and analysis of local velocity control data
from the site-specific geologic units. Furthermore, the Report should be revised to
include how interpretation is supported or contradicted by other studies (e.g., lzuka,
1992) or cores from nearby wells. For example, Transect B is very close to cross-
section A-A’ from Izuka (1992), but there is no discussion of how well the two agree or
disagree. Comparison of Izuka’s cross-section with the Report's Figure 10 appears to
us to show that the so-called reflector indicating saprolite base could also be the bottom
of the incised basalt valley and not the saprolite base.

The lithologic profiles generated from the interpretation of the seismic data for Transects
A, B, D, E, F, H, and I in the Report lack any indication of the expected geomorphic
valley profile. Previous geologic studies of these valleys where the above Transects are
located (e.g., Wentworth, 1942, 1951; Stearns, 1940, 1946; Stearns and Vaksvik, 1935;
Izuka, 1992; Hunt, 1996) indicated that the subsurface geomorphology of these valley
reaches would most likely have steep “V-shaped” or modified “V-shaped” profiles which
would be in keeping with geomorphologically similar valleys on Oahu and other
Hawaiian islands (Stearns and Vaksvik, 1935; Lau and Mink, 2006). This suggests that
the lithologic modeling of the seismic data collected for these Transects could be
seriously flawed.

The Report describes only a single interpretation of the saprolite contact but does not
evaluate other possible interpretations. Simply assuming a particular contact is indeed
the contact between saprolite and weathered basalt is not scientifically defensible,
especially given the risk posed by Red Hill contamination to our water supplies. The
Report should be revised to discuss other plausible interpretations.

The Report appears to conclude that each of the seismically-interpreted geologic units
corresponds to a hydrogeologic unit with well understood hydraulic properties. Yet the
Report provides no data or analyses to support this conclusion and as a result, the
Report should be revised to remove all mention of hydrostratigraphic units and hydraulic
properties.
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Specific Comments

s

Page 2, lines 5-8: This discussion fails to mention the presence of “older
alluvium” which consists of consolidated (compacted/cemented) weathered,
basaltic gravel, sand, and minor silt/clays that likely makes up the bulk of the
valley-fill sediments. Because these older basaltic alluvial sediments are
weathered, compacted, and cemented, they likely have distinctly different
velocity profile from either the younger alluvium or the weathered basalt.

Page 2, lines 10-11: The valleys were incised into the Ko'olau Basalt and the
valley-fill sediments (older and younger alluvium) when then deposited within the
valley. The Ko'olau Basalt underlies the valleys, but no studies that the BWS is
aware of, have proven that they “dip under the overlying valley fill sediments” as
indicated in the Report.

Page 4, Figure 22 caption: The caption implies that “weathered basalts
(Saprolite)” are the same. This is incorrect. A saprolite is the result of intense
weathering and alteration of basalt, by water flux, that results in a clay-rich
deposit that often retains textural and physical features of the parent basalt flow.
According to Hunt (1996), saprolite is a thoroughly decomposed rock.

Page 6, lines 24-27: This misrepresents the complexity of the geology of the
Halawa Valleys. The referenced Figure 2 inset shows only two geologic units —
valley fill alluvium (undifferentiated) and Ko'olau Basalt. it fails to subdivide the
valley-fill sediments into younger and older alluvium and indicate the presence of
saprolite. Inour opinion, this is an overly simplified and inadequate discussion of
actual conditions.

Page 6, lines 28-30: Most investigators (Macdonaid, 1941; Stearns, 1941;
Wentworth, 1942, 1951, Izuka, 1992) indicate that the degree and extent of
weathering is variable and complex (reflecting the inherent lateral and vertical
complexity of the basalt section and valley-fill sediment deposition). This does
not suppoit the Report's assumption that “the deep weathering profiles beneath
Hawaiian valleys form a stratified seismic column that makes for a simpler
imaging objective”.

Page 6, line 33: “Expected seismic velocities for this study area are summarized
in Table 1". As noted above, the values cited here are not site-specific and apply
to different lava flow types that are quite shallow. Site-specific velocity data are
needed to provide an analysis that is representative of site conditions. Thus,
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site-specific velocity data are a critical data gap that should be resolved as soon
as possible.

7. Page 7. Table 1. This table misrepresents the data from Von Voigtlander (2015).
Her saprolite velocities for pahoehoe units that receive more than 1,000
millimeters (mm) of rain per year (which applies to the Report’s study area) are
400 to 1,200 meters per second (m/s). The values in Table 1 are for pahoehoe
that receives less than 1,000 mm of rain per year. Also, Table 1 misrepresents
the velocities for weathered — fractured basalt. According to Von Voigtlander
(2015) Figure 28, the velocity of weathered basalt is 1,200 to 1,900 m/s for
pahoehoe that receives more than 1,000 mm of rain per year.

8. Page 7, line 23: Itis important to demonstrate that the analysis is based on a
correct conceptual model of the valley-fill sediment stratigraphy, including
physical property differences. The Report appears to simply assume their
conceptual model is correct and does not defend the conceptual model or test
the impacts of the assumed model on the Report’s interpretations and results.

9. Page 12, lines 15-16: None of the assumptions stated here are valid based on
the well-established nature of the Ko'olau Basalt and the nature of the younger
and older alluvium valley-fill.

10.Page 12, lines 19-21: The assumption of relatively simple geologic conditions in
this area has not been defended or supported.

11.Page 14, lines 16-20: Given the physical descriptions and properties of the older
alluvium described in past geologic studies of the Halawa Valleys, its presence
might potentially explain some of the unusual or complex patterns within the
Report’s interpretations constructed from the seismic data. The Report should
be revised to address the importance of the older alluvium as well as the valley
wall.

12.Page 17, lines 16-21. See comment 11 above.
13.Page 23, lines 1-11: See comment 11 above.

14. Pages 25-26: As noted, the northern end of Transect E is immediately adjacent
to the Commission of Water Resources Management (CWRM) deep monitoring
well 3-2253-03. Previous geologic interpretations of the cuttings from this deep
monitoring well indicate the thickness of the alluvial valley-fill sediments (young
and older alluvium units) ranges from 80 to 140 feet below ground surface.
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However, the interpreted seismic results presented in Figure 15 show the “dry
soil” or “alluvium” to be less than 15 feet-thick. This lack of correlation between
the interpreted seismic mode! alluvium thickness and subsurface borehole
thickness data indicates fundamental error(s) (e.g., failure to account for the
older alluvium) in the seismic modeling assumptions.

15.Page 29, lines 1-10: See comment 11 above.
16.Pages 33-37: See comment 11 above.

17.Page 38, lines 2-4: This study does not define “hydrostratigraphic units”, but
loosely “defines” a series of “seismostratigraphic units” based on assumed
seismic velocities framework for the geology beneath this area. Some of their
seismostratigraphic units likely combine several different geologic units (e.g.,
younger and older alluvium) that may have very different hydraulic properties.

Thank you for the opportunity to comment. If you have any questions, please feel
free to call Erwin Kawata, Program Administrator of the Water Quality Division at
808-748-5080.

Very truly yours,

é@:}:’/k\%
-~ £
ERNEST Y. ¥V. LAU, P.E.

Manager and Chief Engineer

cc. Mr. Steve Linder
United States Environmental Protection Agency
Region IX
75 Hawthorne Street
San Francisco, California 94105

United States Geological Survey
Pacific Islands Water Science Center
Inouye Regional Center

1845 Wasp Boulevard, Building 176
Honolulu, Hawaii 96818
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Mr. Mark Manfredi

Red Hill Regional Program Director/Project Coordinator
NAVFAC Hawaii

850 Ticonderoga Street, Suite 110

JBPHH, Hawaii 96860

References

Brandes, H. G., Robertson, I. N., & Johnson, G. P. (2010). Soil and rock properties in a
young volcanic deposit on the island of Hawaii. Journal of Geotechnical and
Geoenvironmental Engineering, 137(6), 597-610

Hunt, C.D., Jr. 1996. Geohydrology of the Island of Oahu, Hawaii: U.S. Geological
Survey Professional Paper 1412-B, 54 p.

Izuka, S.K. 1992. Geology and stream infiltration of North Halawa Valley, Oahu,
Hawaii: U.S. Geological Survey Water Resources Investigations Report 91-4197 21 p.

Lau, L.S., and Mink, J.F. 2006. Hydrology of the Hawaiian Islands: University of
Hawai'i Press. Honolulu, Hawai’i, 274 p.

Macdonald, G.A. 1941. Geology of the Red Hill and Wairnalu areas, Oahu, in relation to
the underground fuel storage project of the U.S. Navy: U.S. Geological Survey, Letter
Report to the U.S. Navy, Honolulu, Hawaii, dated February 21, 1940, 75 p.

Stearns, H.T. 1940. Supplement to geology and ground-water resources of the Island
of Oahu, Hawaii: U.S. Geological Survey, Bulletin 5, 164 p.

Stearns, H.T. 1946. Geology of the Hawaiian Islands: U.S. Geological Survey, Bulletin
8, 112 p.

Stearns, H.T., and Vaksvik, K.N. 1935. Geology and ground-water resources of the
Island of Oahu, Hawaii: U.S. Geological Survey, Division of Hydrography Bulletin
1, 479 p.

Department of the Navy (Navy). 2018. Report: Seismic Profiling to Map
Hydrostratigraphy in the Red Hill Area, Red Hill Bulk Fuel Storage Facility (RHBFSF)
Joint Base Pearl Harbor-Hickam, Oahu, Hawaii, March 30.

Navy. 1941-1943. Red Hill underground fuel storage project — logs of formations in
tanks 1-20: Fourteenth Naval District, Pearl Harbor, Oahu, Hawaii.



Seismic Profiling to Map
Hydrostratigraphy in the Red Hill

Area

RED HILL BULK FUEL STORAGE FACILITY
JOINT BASE PEARL HARBOR-HICKAM, O‘AHU, HAWALI‘I

Administrative Order on Consent in the Matter of Rled Hill Bulk Fuel Storage
Facility, EPA Docket Number RCRA 7003-R9-2015-01 and

DOH Docket Number 15-UST-EA-01, Attachment A, Statement of Work
Section 6.2, Section 7.1.2, Section 7.2.2, and Section 7.3.2

March 30, 2018
Revision 00

A= &

N =N

Naval Facilities Engineering Command

ﬁ‘.

Comprehensive Long-Term Environmental Action Navy
Contract Number N62742-12-D-1829, CTO 0053




This page intentionally left blank



O 00 ~NO

10
11

12

13
14
15

16

17
18
19
20

21
22

23
24

25

26
27

28

Seismic Profiiing to Map
Hydrostratigraphy in the Red Hill

Area

RED HILL BULK FUEL STORAGE FACILITY
JOINT BASE: PEARL HARBOR-HICKAM, O‘AHU, HAWALI'I

Administrative Order on Consent in the Matter of Red Hill Bulk Fuel Storage
Facility, EPA Docket Number RCRA 7003-R9-2015-01 and

DOH Docket Number 15-UST-EA-01, Attachment A, Statement of Work
Section 6.2, Section 7.1.2, Section 7.2.2, and Section 7.3.2

March 30, 2018
Revision 00

Prepared for:

Defense Logistics Agency Energy
8725 John J Kingman Rd Suite 4950
Fort Belvoir, VA 22060-6222

Prepared by:

Lee Liberty and James St. Clair

Department of Geosciences, Boise State University
Boise, ID 837225-1536

as: Technical Report BSU CGISS 18-01

for:

AECOM Technical Services, Inc.
1001 Bishop Street, Suite 1600
Honolulu, Hl 96813-3698

Prepared under:

EBINA/FAC

Comprehensive Long-Term Environmental Action Navy
Contract Number N62742-12-D-1829, CTO 0053




This page intentionally left blank



Seismic profiling to map hydrostratigraphy
in the Red Hill area, Oahu, Hawaii

Lee Liberty and James St. Clair
Department of Geosciences
Boise State University
Boise, Idaho 83725-1536
208-426-1166

lliberty @boisestate.edu

Technical Report BSU CGISS 18-01

Friday, March 30, 2018

FINAL REPORT - Friday, March 30, 2018



This page intentionally left blank



O 00 N O U & W N =1

NONN R R R R R R R R R
N P O VW ® N OO U A W N L O

Red Hill seismic survey — A Boise State University report March 2018

Contents
ST Y e e, . N o T o 5 ot s o S ST ST A R R e i e e TG T e s B et 1
SETINGa s tiednreat i irsdagrivtromns mimmoot bedet bomvamb ot S S oo v e o S0 SR s o fprong e £aoS T A Sf a §o  SERnsh Sy 658 S 2
AP PO A G 08 1 AT Mo s T S L AT RN Y o et T S LB S S R S L R S e 5
Seismic imaging iN VOICANIC LEITANES ........ciiiiiiiiiie ettt cecba e rae e ssree e s e tgessbeasene e e e sabeenas 6
Seismic. e fractiomme tROE: & ok e S Bofie. Shiiuvnogioy somedt s soep 3ok bz oga g s g E g s e s evs s o smag s £ 7
Inversion metheds and UNCErtAINtY:,. i w5 i does 5o vaio s maversaneds I s s s KWl de L deb u it o e nd 1 E3u8d 00 8
S 1S M CIREFIQELIONE o 35 1 s Rotms R T s 9 IR TR T oo TR E L L0 Bun ool ne g i msaslo i e s oma g 40P RO 0 4 3m0n 10
SEISMIC AAtA PrOCES SIME . E s msrserraeensshiaaginesss asnssssossann osTaess s s 7wees 85548 43 55 4VAEH 55 565855 8Re TAIF4RATRFTS 8 555050+ 5 Tos s any 10
Uncertainty estimates for reflector depths .........cocvcie i e 12
Seismic transect results and INTerPretations . ... e ae e 13
B = [0 =0y A T AT EES (R T | IR T PP, ro S RO d B or DO B T e LTI T e o e R T PPt T NPT 14
Teams eet B I i A A P S L L O o e s s b BB g S sl s M v s e 17
AN S St~ Cos tptag intin. mrm b Mm o rom MR o o e SRRSO vy { e s ¢ wnd b SN TR ST T ¢ 1o AT AT B e 20
T ATS CE T Do sttt s A et 2 e B o® s AT oS BT 70 0 7 % o TkE e S 5 S VR i it o6 s 5 T e 22
TraNSe Gl Bttt rmym et e st e S s Tromseatiomathr o b e o s e A0 £ e I £ e o3 5 F U B o i s i 25
TRANSECT- Frrievsartbond fm st ads oo B o a L A nt S S 5t 08 55 e 8 e sie Mpog e I3 o P lne 40 g ey B 4G tmosg Bt Ao 28
WHANSEET Grromnc. v et io 0ot 00 FTET TR AT wAT 45098 80 505 e 0 VY (V8 SO « A 0 0 A o A b TP ST B od 31
TRANSEEE T .stasadis revem 808 8 a0 TR0 e 5054 T80 00 a 86 e e e+ T8 e o0 S s e m e o i s s 5 4 e S5 Ry 30 Hlesimee ne 33
T EANSEGE Ik 1 Vel e T L b L ST o o oo v e Sl e A S e T e s goe Bgnocon b pag el oo B nn ol 35
COMCIUS AN 8P sa Brveirwmrs i Gy o erTenlidiig o0 460 s 500 S PR S i s o 7T e B0 o e i 4 S g 1A 38
RS TR BTICES v car s vas s o im0 5698w 4o e g 30w SRt 0 A 2 T4 LR Tl £ 14 oo K o v 5 39
Figures
Figure 1. Halawa/Red Hill area OVEIrVIEW MapP .......cviiciiiiiiee it sie s s siessre st eteesbassaesssesnsves sressestestessenes 3

Figure 2. Generalized geologic map (from Sherrod et al., 2007) with the seismic survey locations color

coded by data acquUISItION LYPE .....cccciiiiiiiiiieiiiiii et s 4
Figure 3. Schematic of seismic waves that travel through the subisurface v, )
Figure 4. Seismic shot gatlhers along Transect G ..........ccoeovveiiiieeninnens e e T Bl e 0 AT T o 9
Figure 5. Shot gather from TranSEC A.....c..viiiiiiiiee ittt s er b ee s eraseesrsraesnneaesaeeranaens 10
Figure 6. Land-streamer-derived field gathers along Transect D .......ccovevieiiiiiiiiieeveeeieee e e, 12
Figure 7. Northwest to sowtheast Transect A refraction results ............cccocvmviviniiiiiniinie e e 15
Figure 8. Transect A refraction and reflection results ...........cccooceiiiniiiiicei e 16

FINAL REPORT - Friday, March 30, 2018



W 00 N O U & W N =

[y
o

11
12
13
14
15
16

Red Hill seismic survey — A Boise State University report March 2018

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.

Figure 9. Northwest to southeast Transect B refraction results............ccccccvivveeeeiniiiiieeeiineee s sncinnneennnenee 18
Transect B reflection and refraction profile.............ccccceevvvevvviiiennen, T AT re: P e T sgefees i dshas il 19
Northwest to southeast Transect C refraction results.........covevveriereiiennvenieniene e 20
Transect C reflection and refraction profile...........ccceceviiiiiiiiiiciiiiiiecciee o 21
North to south Transect D refraction results............cccovviniiiiiieiiiiinie e 22
Transect D reflizction and refraction profile ............ccovevieerie e 24
North to south Transect E refraction results ............ccocvueeviiiiiiiiiiiii e 26
Transect E reflexction and refraction profile...........cceciviiiieeiieii et 27
North to south Transect F refraction results ............ccoocvrie i 28
Transect F reflection and refraction profile............ccveevieiiiiniciiiie e 30
West to east Transect G refraction reSUltS .........eeviiviiieriiiineienieeee et 31
Transect G reflection and refraction profile ........ T £V Ra T b £ ST 3 £ e T Y e e 32
West to east Transect H refraction results ............oooiiiiiiiiiiin e 34
Transect H refliection and refraction profile .............ccovovviiiiiiiiiieee e 35
West to east Transect | refraction results.............ccccvviienriiiiiiiieineeee e 36
Transect | reflection and refraction Profile.......cc.ccooierirsieiiini e 37

Figure 24.

FINAL REPORT



OO NOOWUH WN P

P =\
S W N = O

15
16

18
19
20
21
22
23
24
25
26
27
28
29

RedHill seismic survey - A Boise State University report March 2018

Summary

We present the results from nine seismic profiles acquired in the Red Hill area of Oahu, Hawaii (Figure 1)
over a nine-day acquisition window in December, 2017. The seismic objectives were to map stratigraphy
and hydrogeologic boundaries beneath three valleys to the north of Hlonolulu, Hawaii; North Halawa
Valley (Transects A, B and C), South Halawa Valley (Transects D, E, F, and G) and Moanalua Valley
(Transects H and 1). Seismic data quality were generally very good with: 1) clear first arrivals needed to
obtain shallow seismic velocity distributions and 2) observable reflections noted between surface wave
and seismic refraction signals to map large-contrast subsurface boundaries. Seismic refraction results
constrain seismic velocities for the upper 100 feet and tie those velocities to nearby well logs and to
other published results from Hawaii in order to help constrain travel time to depth conversions for the
seismic reflection results. Seismic reflection results show the geometry and depth to key
hydrostratigraphic boundaries within the upper 1,000 feet below land surface. Key reflectors include the
base of alluvium or top of saprolite, top of water saturated (possibly perched) sediments, and the
contact between weathered basalt (saprolite) and unweathered basallt.

Alluvium that represents mobilized and transported valley fill sediments are constrained to the upper 60
feet below land surface in all three valleys. Saturated and/or competent saprolite (chemically weathered
basalt) are mapped from surface to hundreds of feet depth. Our observations are consistent with v-
and/or u-shaped saprolite: base geometries across the valleys with the maximum saprolite thickness
below surface stream flow locations. The saprolite base extends to huindreds of feet below sea level in
North and South Halawa Valleys. The depth to saprolite base was constrained by only one short profile
beneath Moanalua Valley. The depth to these key hydrostratigraphic boundaries in South Halawa Valley
are consistent with lithologic log interpretations from nearby monitoring wells. The seismic images do
not provide insight into the geometry or depth to regional or basal water table, in part due to shallow
and confined perched water systems and the lack of large physical property contrasts {seismic velocity
and density) at this basal water system boundary. The seismic images also do not constrain volcanic
stratigraphy (e.g., individual volcanic flows, lava tubes) beneath the top of unweathered basalt unit due
to complexities in the seismic wavefield within this layered basalt system. This report summarizes the
first known seismic reflection survey that identifies and characterizes the saprolite base for the deeply
incised valleys of the Hawaiian Islands (Figure 2).
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Setting

The axis of North Halawa, South Halawa, and Moanalua Valleys all trend northeast-southwest and
extend from the crest of the Ko'olau Range (Figure 1, tzuka, 1992). Raiinfall ranges from an annual
average of 150 inches in the upper valley to 40 inches in the lower valley (Blumenstock and Price, 1967).
1zuka (1992) described North Halawa Valley as a narrow, V-shaped valley that has been carved by
erosion where a colluvial apron lines the base of the valley walls and alluvium and saprolite (clayey,
highly weathered basalt) lie above unaltered basaltic rocks. Newer monitoring wells show that adjacent
valleys have similar volcanic-stratigraphic configurations. The three valleys are located on the leeward,
southwestern flank of the Ko’olau Range where a thick sequence of thin lava flows from the
approximately 2 million year old (Ma) Ko’olau volcanic series basalt dips under the overlying valley fill
sediments (Figure 2). The Ko‘olau volcanic series consists mostly of pahoehoe and massive a‘a lava along
with highly permeable a‘a clinker zones. Late-stage volcanic rejuvenation volcanic rocks (less than 2 Ma)
of the Honolulu volcanic series are mapped at the southern portions of the study area. Chemical
weathering of these basalts leads to enhanced saprolite formation beneath the gentle valley slopes with
high precipitation rates and infiltration driving chemical processes (e.g., Hunt, 1996; Nelson et al., 2013).
The transition from basalt to saprolite does not result in a significant change in rock volume, and often
intact structures and the fabric of the source rock are observed within the saprolite. Weathered
materials extend to below sea level along the transects surveyed across these valleys. The piezometric
surface in the regional basalt aquifer in the vicinity of Red Hill is ranges from approximately 17.7 feet to
22.4 feet above mean sea level (AECOM, 2017). Shallower piezometric levels are observed in valley fill
and in saprolite within valleys. This suggests perched groundwater systems, or continuously saturated
geologic sections, connecting the shallow system to the deeper regional groundwater system are
common.
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Figure 1. Halawa/Red Hill area overview map. The site is focated in a heavily urbanized area north of
Honolulu on the island of Oahu, Hawai'i. Nine seismic transects along three incised valleys are
presented in this report.
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Figure 2. Generalized geologic map (from Sherrod et al., 2007) with the seismic survey locations
color coded by data acquisition type. Ko’olau and Honolulu volcanic series rocks lie beneath the
higher elevations while weathered basalts (saprolite) and alluvium occupy the low lying valleys.
Cross section A-A’ across the North Halawa Valley (from lzuka, 1992!) shows the general geometry of
the valley fill {alluvium and saprolite) with respect to the underlying unaltered basalt.
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Approach

Seismic imaging involves the use of sound waves to map the subsurface layers of the earth. This
approach refies on the recording of returned seismic waves that travel along, and reflect at, geologic or
hydrostratigraphic boundaries (Figure 3). To obtain seismic signals, we rely on a sound source (e.g.
hammer) that hits the ground every few feet along the earth’s surface:. Sound waves travel into the
earth in all directions (similar to throwing a stone in a pond and watching the waves traveling away from
the source) and return to the land surface along a variety of travel patths (Figure 3) where the seismic
signals are measured with ground motion sensors (geophones) spaced every few feet. The amplitude
and travel time of the returns are recorded and digitized with a seismograph. We rely on many
geophones to record and separate each sound wave return where the amplitude and travel time
differences are used to build seismic velocity maps and subsurface images of reflecting boundaries
(similar to using a sonogram to image the human body). The fastest (first) seismic arrival for each
sounding and at each geophone location represents a direct or refracted wave while large amplitude
reflected returns at later fravel times mark contrasts in seismic velocitty and/or rock densities at depth.
Slower surface waves are also generated with this imaging approach, but these signals are removed for
our analysis. Seismic source and geophone positions span each transect length to allow subsurface
signals to be separated. Fior this study, we focused on reflected arrivals for the upper 1,000 feet and
refracted arrivals for the upper 100 feet along nine transects in three valleys.

Seismic
source

{4 ,.)'F'
B "'l.‘"’ 1
", ' ' e AT WAVE ——
o ]

j——f—Direct wave————p» _-¥ / ¥

Surface wave

Refracted wéva

Reflected wave

Vi
V2

S

Figure 3. Schematic of seismic waves that travel through the subsurface. This reportfocuses on
seismic reflection and refraction arrivals to estimate the material properties, depth, and geometry of
key hydrostratigraphic boundaries.

Seismic surveysto map subsurface structures and stratigraphy are the current standard in many
industries. This approach is the primary tool to identify and characterize oil and gas reserves, to
characterize geologic structures, stratigraphy, and hazards, and to map key hydrostratigraphic
boundaries for constraining numerical groundwater flow and transport models. Newer approaches have
been adapted to image shallow targets (upper 1,000 feet) in urban settings and in complex volcanic
terranes (e.g., Liberty, 20:11; Liberty et al., 2015). Typically, seismic signals for the range of target depths
can be obtained from an impulsive (hammer) or swept (vibroseis) seismic source and geophones planted
into the ground with the use of 3-inch long spikes. Although vibroseis sources can be very effective in
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urban environments, vehicle access can be difficult, deployment costs can be prohibitive, and
acquisition times can increase due to long source occupations when compared to impulsive (accelerated
hammer) sources. Thus, a hammer source was chosen for this survey.

In urban areas, land access can be dif ficult and surveys can be restricted to right of way access and along
paved roads, thus transect locations are limited to obtaining proper permits along open and continuous
stretches of land. A relatively new approach to imagingin urban settings is the use of seismic land
streamer systems where geophones are coupledtothe road surface via base plates and sources are
quickly moved along the surface (Van der Veen and Green, 1998 and van der Veen et al., 2001). Results
from these land streamers have produced results comparable to planted geophone surveys and access
permits are often obtained from a single agency (e.g. City or County prermit). Additionally, data
collection rates using land streamers can be considerably faster and require fewer field personnel
compared to geophone planting surveys, assuming straight roads or right-of-ways. For this survey, we
used a 10 pound (Ib) siedge hammer and PEG-40 accelerated weight drop
(https://rtclark.com/product/peg-40kg-propelled-energy-generator-5/) source mounted to the hitch of a
pickup truck. We used 10 Hertz (Hz) vertical planted and land streamer-based geophones to obtain both
p-wave seismic reflection and refraction data in profile. We recorded between 72 and120 channels for
each transect with source and receiver positions spaced between 3 and 10 feet. These changing
parameters were driven by field logistics (restricted profile lengths) with maximum target depths of
1,000 ft. The distance from the source to the nearest receiver with the land streamer system was 30 ft
and within a few feet for geophone planted transects. Kinematic global positioning system (GPS) survey
information was provided for each geophone and source location. Source soundings were acquired
between each geophone position and at select off-end shot locations.

Seismic imaging in volcanic terranes

Seismic imaging objectives are simplest where seismic velocities increase with depth and where lateral
changes in those velocities are not complex. While relatively unaltered volcanic rock environments with
interbedded basalts and sediments can result in complex seismic wavefields and velocity inversions, the
incised valleys of Hawaii offer a relatively simple seismic velocity distribution (see Figure 2 inset).
Whereas seismic energy c¢an be trapped in the sediment or volcanic interbeds or voids in unaltered
volcanic terranes (e.g., Liberty et al., 2015), the deep weathering profiles beneath Hawaiian valleys
generally form a stratified seismic column that makes for a simpler imaging objective (e.g., lzuka, 1992).
Thus, we anticipate an increase in velocity with depth from seismic arrivals beneath the valleys and
strong reflectivity at large contrast (alluvium or saprolite base) bouncdlaries.

Expected seismic velocities for this study area are summarized in Table 1. While unaltered basalt
generally has a measured bulk seismic velocity of more than 3,000 meters per second (m/s) at

atmospheric conditions, rock alteration or fracturing will decrease seismic velocities (Stanchits et al.,
2006). Unaltered basalts are found at depth beneath the valleys and close to land surface beneath the

adjacent hills (e.g., Hunt, 1996).

For the incised valleys of Hawaii, seismic velocities generally increase with depth (e.g., Yaede et al.,
2015; Von Voigtlander et al., 2018). Typically, dry alluvium lies at the shallowest depths and for these
depths, seismic waves travel through alluvium at relatively slow velocities. These mechanically
transported lie upon chemically weathered basalts (saprolite) and/or saturated sediments. Seismic
velocities for saprolite can span over a large range, but because saprolites represent differentially
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weathered basalt they have seismic velocities typically greater than alluvium, but less than unaltered
basalt. The velocity of water saturated sediments generally exceeds the speed of sound in water (about
1,480 m/s) but is specifically dependent on porosity, water saturation, and lithology (e.g., Mavcoet al.,
2009). For this survey, we define four lithologies with seismic velocitiies thatincrease with depth for the
materials beneath the three incised valleys (Table 1). We define: 1) dry alluvium or soil as less than
1,000 m/s (can be faster at greater depths due to compaction), 2) dry highly weathered basalt or
saprolite from 1,000-1,500 m/s, 3) saturated or hard saprolite from 1,500-3000 m/s and, 4) unaltered
basalt at seismic velocities greater than 3,000 m/s.

Lithology Vp (m/s) Vp (m/s) - alternate study
Dry alluvium/soil < 10001 < 7002
Saturated clays 1 100.25003
. 1 2
Saprolite 1000 - 1900 [700- 1200
Weathered/fractured basalt 1900 — 30001 1200 — 30002
Basalt >30001 3000 * (at atmospheric pressure)

Table 1. Seismic velocity estimates relevant to the study area. Velocities from *VonVoigtlander (2015),
’Brandes et al. (2011) and *Mavco et al. (2003), *Stanchits et al (2006).

Seismic refraction method

The seismic refraction method involves the recording of returned first arrival signals that either 1)
refract along high seismic velocity subsurface boundaries, or 2) dive to greater depths and return to the
surface at large distances, with respect to probing depth, in the presence of velocity gradients. P-wave
refraction surveys are a standard approach to finding: 1) the depth to the water table within
sedimentary layers; 2) the: depth to bedrock beneath sedimentary layers; 3) the seismic velocity gradient
within sedimentary layers; and 4) the depth to multiple high contrast subsurface boundaries (e.g.,
Pelton, 2005). We use the travel-times of the first arrival energy from each shot point to each receiver to
estimate the seismic velocity distributions. In some cases, a clear break in seismic first arrivals can be
seen (e.g., Figure 3) that best represent hard seismic boundaries. Often, diving waves are observed
where a velocity gradient model best matches the observed seismic signals. For our interpretations, we
calculate seismic velocities using a cell size that ranged from 3-5 feet both along the profile and with
depth rely upon the steepness of velocity gradient with respect to depth to identify lithology changes.

We identify the first arrival time as the first ground motion at each trace (Figures 4 and 5). We pick the
arrivals in two stages. Where the background noise obscures the first arrival time but the waveforms are
still easily observable, we select the first arrival time based on the lateral continuity of the first arriving
waveform across multiple traces for each shot gather. We initially pick the first arrivals on the raw data
and then apply a bandpass filter to suppress spurious noise signals to add to the pick database. This
filter does not shift travel time picks (a zero phase filter), but allows additional travel time picks in the
presence of noise. On traces where we did not confidently pick the first arrival, we did not make an
observation.
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We were able to confidently pick first arrivals on most of shot gathers for both streamer and planted
geophone surveys. The streamer data tend to be a little noisier than the planted phone data due to
poorer geophone coupling with the road surface compared to geophones planted in firm ground.
However, the land streamer transects have a greater shot density and thus the noisier dataset was
offset by greater first arrival picks. Table 2 shows the number of travel-time observations for each
transect as well as the percent of possible observations (from the total number of seismic traces). For
the streamer lines, we picked between 30 and 59 percent of the data and for the planted phone surveys,
we picked between 43 and 93 percent of the data. Due to the large data volume, there is significant
redundancy in first arrival picks compared to a typical refraction survizy where only a few shot records
are used for analysis.

Inversion methods and uncertainty

We use a travel-time tomography code (modified from St. Clair, 2015) to estimate the shallow velocity
structure. The velocity model is parameterized as a mesh of constant velocity cells with a fixed
horizontal width and a vertical thickness that increases with depth. The strategy is to generate a
reasonable starting model and then alternate between: 1) ray-tracing to predict travel-times for the
current model and 2) using a linearized inversion with smoothness constraints to map the residual
travel-times (predicted — observed) into an updated model with a smaller root mean squared (RMS)
misfit (e.g., Zett et al., 201L3). The process is terminated when RMS misfit between successive iterations
becomes negligible (Figure 5). RMS misfits for each transect are listed in Table 2 and are on the order of
our estimated pick uncertainty (2-3 milliseconds).

Quantifying model uncert:ainty and resolution of tomographic models is a difficult task because of the
large number of models that need to be tested. Uncertainty tests that explore the relationship between
starting models and final solutions can show standard deviations upwards of 25% for individual model
parameters. Higher values (>15-20%) typically correspond to regions with strong velocity gradients or
low ray coverage, but similar results are observed when comparing results from different algorithms
(Zelt et al., 2013). Even in the presence of large uncertainties, large scale features such as depth to
bedrock and strong lateral velocity changes tend to be well resolved wusing any refraction analysis
approach.
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Figure 4. Seismic shot gathers along Transect G. The first arrivals are identified and measured travel
times for each geophone offset are used to build a seismic velocity model for the subsurface. Here,
we identify a clear break in first arrival velocities that represents dry alluvium overlying basalt.

Transect n-picks (% of total) Final Model RMS misfit (ms)
A 5614 (72) 2.8
B8 2222 (66) 2.5
c* 5125 (59) 14
D* 7750 (30) 2.7
£ 7417 (93) o)
F 7608 (83) 1.4
G* 25575 (52) 2.5
H 3081 (43) 2.3
| 6549 (92) 1.9

Table 2. Number of travel-time picks for each transect and RMS misfit for velocity inversion. Asterisks
indicate land streamer profiles. Misfit is measured in milliseconds (ms).

FINAL REPORT



a u s, WN

o N

10
11
12
13
14
15
16

17
138
19
20
21
22

23
24
25
26
27
28

Red Hill seismic survey — A Boise State University report March 2018

Figure 5. Shot gather
from Transect A. First
arrival picks are shown
as red dots, blue curve
shows predicted
travel-times from
velocity inversion.
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Tomographic velocity models are best constrained in areas with many redundant and crossing raypaths.
To avoid interpreting unconstrained regions of the velocity models, we mask regions in the final
tomographic model with no ray coverage. We display the ray coverage using both a derivative weight
sum (DWS) map, which represents the sum of all ray segment lengths in each model cell, and a plot of
the raypaths.

Seismic reflection

The seismic reflection method involves the recording of reflected returns (echoes) from subsurface
fayers with the use of an impulsive (e.g., hammer) or swept (e.g., vibroseis) seismic source and an array
of geophone ground motion sensors. Because seismic energy is reflected at each subsurface location
where measureable changes in seismic velocity or density are present, this is a standard approach for
characterizing geologic stratigraphy, structure and the presence of fluids. The reflection method
requires dense and regularly spaced source soundings and receiver measurements. For this survey,
source and geophone spacing was 3-10 feet along the length of each transect. This spacing was mostly
driven by profile length restrictions associated with access or permitting requirements, or physical
barriers.

Seismic data processing

The seismic reflection data processing involves a number of steps thait are consistent with the Yilmaz
(2001) approach. We use Halliburton’s SeisSpace® ProMAX® seismic processing software
(https://www.landmark.solutions /SeisS pace-ProMAX) for each processing step. We then use the open
source Seismic Unix utilities to produce final images. Figure 6 highlights both raw field records and
processed gathers from the ProMAX interface. Below is a summary of each processing step:

1) Assign each source and receiver location to a spatial position and elevation. We use universal
transverse Mercator (UTM) coordinates for each location. This is a convenient and universal
approach to spatially locate both field locations and final interpretation positions.

2) Identify and remove bad traces and/or shots. On occasion, a false trigger was recorded and
stored as a field record, Also, a geophone position was somettimes not recorded (e.g. on a street
crossing). These traces were removed from subsequent processing steps

10
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3) Apply datum or elevation statics for each trace. We use a repllacement velocity derived from
refraction analysis for each transect that was consistent with near surface values. We select a
datum near the maximum elevation for each profile.

4) Data sort from shot gathers to common midpoint (CMP) gathers. The CMP position is the
midpoint between source and receiver locations for each trace. This step ensures that the
subsurface reflectors are placed in the proper spatial position (but is dip independent).

5) Spiking deconvolution and filters to remove source signature and sharpen the seismic wavelet.
This step is critical to identify and isolate reflection signals from other coherent signals
(refractions, wave:guides, surface waves, air wave). See Figure 6 for filter response.

6) Amplitude gains to counter spherical divergence and scattering (attenuation) effects. This step
also helps normalize the reflection amplitudes with respect to other coherent noise signals.
Amplitude gain windows were longer than the reflection window to ensure the relative seismic
amplitudes were jpreserved.

7) Dip moveout (DMO) analysis to remove the reflector dip depeendence in the subsequent velocity
analysis. This is an iterative step with (8) and incorporates dig in identifying midpoint locations.
This step is consistent with the Deregowski (1986) and Hale (1988) approach.

8) Velocity analysis to measure the best fit hyperbolic moveout at stacking seismic velocities as a
function of travel time (depth) and CMP position. Once velocity analysis is complete, the DMO
step (7) is repeate:d. This iterative process continues until there is no difference between
measured stacking velocities between DMO iterations. See orange dashed lines on Figure 6 that
show velocity hyperbolas on the processed gathers. Note that stacking velocities approximate
theroot mean square velocity average of all layers above the reflector.

9) Apply normal moveout (NMO) corrections derived from velocity and DMO analyses to remove
the hyperbolic moveout and remove offset dependence for each CMP trace.

10) Top and bottom mutes to remove refracted arrivals and surface waves. Our top mute removes
wavelet stretching of more than 50% from the NMO process fto minimize wavelet distortion for
shallow reflectors. Our bottom mute removes surface wave signals that remain after filter
application. We found surface wave attenuation approaches did not reveal reflection signals
within the ground roll window. Typically, signals with a slower velocity than the air wave (linear
moveout of abouit 335 m/s) were muted or removed from subsequent processing.

11) Calculate and appily of residual statics. We rely on a maximum power autostatics approach that
cross correlates each trace with a derived pilot (summed) trace (Ronen and Claerbout, 1985).
Residual static shiifts did not exceed % of the dominant seismiic wavelength.

12) Common mid-point (CMP) stack. This process averages each source-receiver pair amplitude for
each travel time that is located at thesame CMP. A nominal 24-36 trace fold was obtained for
each CMP position that is spaced 1.5-5 ft apart. For final stacks, we summed adjacent CMP
positions to obtain a final CMP spacing that is equal to the shot spacmgfor each transect.

13) Post-stack FX-Deconvolution to remove randoim noise
for reflection signals (Gulunay, 1986).

14) Kirchoff travel time migration to move reflectors to the proper spatial position (e.g., Vidale,
1988). This process was not applied to high noise datasets because it tends to amplify noisy
signals.

15) Travel time to depth conversion using constraints from refraction results and stacking velocities
derived from steps 7 and 8 and from assumptions consistent with Dix equation conversions from
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stacking velocities to interval velocities. We rely on constant stacking velocity gradients with
depth below the strongest reflector to estimate depth on the stacked images.

16) Stack display scalied for each trace with the largest amplitude representing the largest seismic
velocity or density contrast for approximately the upper 1000 ft.
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Figure 6. (top) land-streamer-derived field gathers along Transect D. The gather positions are consistent
with the stacked image prresented below. (bottom) filtered and muted gathers with an estimate of depth
derived from velocity analysis. Each common mid point gather contains 36 traces from different
source/receiver pairs thai are summed along the curves derived from velocity analyses.

Uncertainty estimates for reflector depths

In the absence of boreholle seismic measurements, reflection arrival times for a range of source-receiver

offsets provide the estimate of seismic velocity with depth and position. This measured velocity

distribution, in turn, provides the conversion from travel time to depth for a final seismic image. The

measured seismic velocity for a reflection represents an average rock velocity for the overlying layers.

These velocity estimates are valid with the assumption of flat lying stratigraphy, a relatively simple rock
)

n
nese v estimatesiare vai it assumption ot ! ing stratigraphy, a relatively simp ’

velocity distribution (e.g., no anisotropy) with respect to seismic wavelengths, that primary seismic
arrivals (not multiples) are arriving from within the (2D) imaging plane, and that a range of source-
receiver offsets are obtaiined that are comparable to the target depths. The dip moveout process
(described above) corrects the dip dependence of seismic velocity under the assumption of relatively
simple geologic conditions (i.e., these assumptions fail with complex structures like salt domes or thrust
fault environments where large zones of very slow rock velocities can underlie faster velocity rocks).

12
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With increasing reflector depth, larger offsets are needed to obtain reliable travel time to depth
conversions via a velocity analysis. In general, reasonable seismic velocity information (within about
10%) can be obtained when the offsets are about % the target depths (with the assumptions noted
above). Thus, we suggest both seismic reflection and refraction imaging depths presented in the report
are accurate to within 10% of actual depths.

Seismic transect results and interpretations

The following section presents seismic results for seismic transects located in North Halawa Valley
(Transects A, B and C), South Halawa Valley (Transects D, €, and F) and Moanalua Valley (Transects H
and |). Table 3 is a summary of location, seismic source used, type of geophone, date of acquisition,
number of seismic channels, geophone and source spacing and the total number of shots foreach
profile. We start by preseinting the seismic refraction results that examine the seismic velocity
distributions for the upper 100 feet. We then present the seismic reflection results and integrate the
refraction results into a final interpretation.

Transect | Location Valley Source Geophones | Date Channels | spacing | Number
Acquired {feet) of shots
A Iwaena Street | North PEG40/sledge | vertical 12/18/2017 120 6 797
Halawa
B Board Water | North PEG40/sledge | vertical 12/14/2017 | 90 q 99
Supply Halawa
C Queen Emma | North PEGA0 streamer 12/16/2017 | 72 5 940
Quarry Halawa
D Correctional Sawuth PEGA0 streamer 12/15/2017 | 72 5 726
Facility Halawa
Entrance
Road
E Correctional Sauth PEGA0 vertical 12/12/2017 | 90 3 92

Facility Back Halawa
Access Road

F Animal South PEGA0 vertical 12/17/2017 | 96 5 241
Quarantine Halawa
Entrance
F1 Woiua Street | South PEG40 streamer 12/10/2017 72 5 797
Halowo
G Icarus Road South PEG40 streamer 12/13/2017 | 72 5 685
Halawa
H Moanalua Moanalua | sledge vertical 12/11/2017 | 86 5 93
Golf Course 1
i Moanalua Moanalua | PEG40 vertical 12/11/2017 | 88 4 920

Golf Course 2

Table 3. Summary of seisrnic acquisition parameters for each transect. See Figures 1 and 2 for locations.
Note that Transect F1 was acquired by not analyzed due to conditions beneath the road surface that did

nat pradiice usable signals. This profile will not be discussed in this repiort.
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Transect A

The northwest-southeast oriented 620 foot long Transect A seismic survey was acquired with planted
geophones across North Halawa Valley along a property easement that extends along a south flowing
tributary of North Halawa stream (Figures 1 and 2). The profile crosses Iwaena Street approximately 250
ft from the northwest end of the profile and descends about 40 feet of elevation (Figure 7). Transect A
terminates to the southeast (downhill) along a municipality service road for large service vehicles.
Sledge hammer seismic shots were acquired along the profile to the north of Iwaena Street due to lack
of vehicle access and PEG40 accelerated hammer hits were acquired along the southern half of the
profile. Ko’olau volcanic series basalt (bedrock) outcrops appear a few hundred feet uphill (north) from
the start of the survey (Sherrod et al., 2007) and the North Halawa stream is located immediately
southeast of the profile termination. From previous models (e.g., izuka, 1992), we expect bedrock
depthsto be greater along the southern portions of the profile.

The seismic refraction results from Transect A show a general increase in seismic velocities with depth,
with surface velocities ranging from 400-1200 m/s, mostly consistent with dry soil or alluvium (Figure 7).
At depths upwards of 30 feet, velocity increases are consistent with a transition from alluvium to dry
saprolite. The shallow velocity distribution suggests a relatively constant alluvium thickness across the
profile and no clear evidence for an incised North Halawa stream channel near its present day surface
expression. Dry saprolite velocities are identified at the very northern portion of this profile at surface
elevations, consistent with basalt/saprolite outcrops mapped about 300 feet to the north of the transect
(Sherrod et al., 2007). Apjproximately 40 to 50 feet below land surface along most of the transect,
seismic velocities exceed 1,500 m/s, consistent with either hard or saturated saprolite. This is the
approximate depth that lzuka (1992) identified saturated saprolite in well 3-2354-001 (Figure 2) that is
located approximately 1,300 feet upgradient of this transect (see inset map on Figure 2). The one area
where the refraction data do not show velocities that exceed 1,500 m/s is located at distances between
200 and 300 feet along the transect. Here, low velocities extend to the base of the refraction model,
consistent with dry saprolite extending to greater depths. This lower velocity zone may represent a
lateral break in the perched water system or it may represent a zone of less competent saprolite. We
conceptualized a model of a dry zone beneath the central portion of the profile where shallow water fed
by the north channel of the North Halawa Stream is providing perched water to the northern portions of
the profile while the main North Halawa Stream channel is contributing to the perched system close to
the current stream channel. At a depth of approximately 90 feet along the northern portion of the
profile, seismic velocities exceed 3,000 m/s, the value that represents unaltered basalt at surface
conditions (Stanchits et al, 2006). There is no evidence in the refraction results to suggest that velocities
that represent unweathered basalt are present along other portions of the profile in the upper 100 feet
below land surface.
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Figure 7. Northwest to southeast Transect A refraction results. (top) Derivative weight sum profile
showing ray density for the refraction analysis. (middle) Inversion result showing velocity distribution
along the profile. (bottom) Lithologic interpretation derived from velocity profile and from other
published results from Hawaii.

At the depth that basalt is mapped along the northern portions of the seismic refraction profile (Figure
7), the seismic reflection profile shows a high amplitude ~30 degree southeast dipping reflector that we
interpret as the base of saprolite or top of unaltered basalt (Figure 8). This strong amplitude reflector

suggests that there is an abrupt seismic velocity and/or rock density contrast at this boundary along the
length of the profile that extends to approximately 400 feet below land surface or about 250 feet below
sea level. Along the profile, other large amplitude (and parallel) reflectors are noted and it is not clear
whether this pattern represents a more complex boundary at the saprolite base (e.g. multiple
saprolite/basalt transitions), whether we observe out-of-plane reflectors (perhaps representing
downgradient heterogeneities or an oblique seismic profile orientation with respect to geologic dip), or
whether we observed basalt stratigraphy beneath the saprolite base. Regardless, this reflection pattern
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suggests a high contrast semi-continuous boundary that extends to a few hundred feet below sea level
along the length of the profile. At position 550 feet along the transect, the saprolite base reflector
abruptly changes dip direction and now slopes to the northwest. This reflector dip is poorly constrained
due to limited coverage at the southeast portion of this profile, but may represent the changing

saprolite base geometry at the center of the valley and beneath North Halawa Stream.
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Figure 8. Transect A refraction and reflection results showing a southeast dipping saprolite base
reflector. The axis of the basal reflector is noted at about the 550-foot position along the transect.

Datum elevation is 180 feet.
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Transect B

The 350 foot long northwest-southeast trending Transect B seismic survey was acquired with planted
and land streamer geophones across North Halawa Valley on the Honolulu Board of Water Supply(BWS)
Halawa Xeriscape garden property immediately north of the North Halawa stream (Figures 1 and 2). The
profile is located along the garden access road along the northern portions of the profile and extends
across a grass field and garden area to the south (Figure 9). The profile gradually decreases in surface
elevation by about 30 feet to the south (Figure 9). Siedge hammer seismic shots were acquired along the
southern portion of the profile and PEG40 accelerated hammer hits were acquired along the northern
half of the profile. Ko’olau volcanic series basalt outcrops appear a few hundred feet uphill from the
north end of the profile (Sherrod et al., 2007) and the North Halawa Stream and H3 highway are located
immediately southeast of the profile termination. From the lzuka (1992) report, we expect to encounter
basait bedrock near sea level elevations, as is noted in well {og 3-2354-001 that is located about 300 feet
upgradient from the center of the profile (Figure 2). This report also noted perched water at
approximately 40 to 50 feet below land surface in this well.

The seismic refraction results from Transect B show a general increase in seismic velocities with depth,
with a higher velocity gradient observed along the southeastern portion of the profile (Figure 9). The
surface velocities are generally less than 1,000 m/s, consistent with dry soil or alluvium. At depths
between approximately 30 to 50 feet, velocity increases are consistent with a transition from alluvium
to dry saprolite with a thicker zone of alluvium appearing beneath the central portion of the profile. The
shallow velocity distribution is consistent with a deeper alluvial paleo.channel across the center portion
of the profile. We map dry saprolite velocities at the very northern portion of this profile at surface
elevations, consistent with basalt/saprolite outcrops mapped immediately to the north of the transect
(Sherrod et al., 2007). Approximately 35 feet below land surface along the southern portions of the
profile seismic velocities exceed 1,500 m/s, consistent with either hard or saturated saprolite. This is the
approximate depth that lzuka (1992) identified saturated saprolite in well 3-2354-001 (see inset map on
Figure 2). Given the proximity of the southern portion of the profile to the modern North Halawa Creek
and to well 3-2354-001, this high velocity zone is consistent with a perched or continuously saturated
zone within saprolite. This interpretation is also consistent with the Trransect A results where the region
beneath the central portion of the profile is dry and saturated conditions are perhaps related to a
tributary to the North Halawa Stream. We do not identify velocities along Transect B that exceed 3,000
m/s, suggesting the absence of unaltered basalts, in the upper 100 feet below land surface along this
profile. Seismic refraction velocities decrease along the very southern end of the profile, either related
to poor ray coverage or an increase in depth to water saturation or stiffer saprolite.

The most prominent arrival on seismic reflection profile is a v-shaped reflector that extends to
approximately 20 feet below sea level at transect position 175 (Figure: 10). This reflector extends to
within 50 feet of the surface near the ends of the profile, where high velocity refraction results suggest
that this represents the base of saprolite. The refraction velocities do not quite reach 3,000 m/s below
this reflector, but this may be simply related to poor velocity controls at the base of the refraction
model. This depth of this reflector increases at the far southeastern portion of the profile where ray
coverage is poor. The seismic reflection profile shows no persistent reflector related to the base of
shallow alluvium, but does show shallow subparallel reflectors above the interpreted base of saprolite
reflector. These reflectors may either represent out-of-plane reflectors or intact structure within the
saprolite unit.
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Figure 9. Northwest to s.outheast Transect B refraction results. (top) Derivative weight sum profile
showing ray density for the refraction analysis. (middle) Inversion result showing velocity distribution
along the profile. (bottom) Lithologic interpretation derived from velocity profile and from other
published results from Hawaii.
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Figure 10. Transect B reflection and refraction profile showing the geometry of the saprolite base as
a v-shaped reflector. The axis of the basal reflector is noted along the transect profile at
approximately position 175 feet, and beneath the thickest zone of alluvium. Datum elevation is 180
feet.
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The 700 foot long northwest-southeast trending Transect C seismic survey was acquired with land
streamer geophones and PEG-40 seismic source on the Queen Emma quarry access road immediately
south of North Halawa Valley (Figures 1 and 2). The profile gradually decreases in surface elevation by
about 60 feet to the northwest (Figure 11). Ko’olau volcanic series basalt outcrops are mapped
immediately adjacent to the profile (Sherrod et al., 2007) and the North Halawa stream and H3 highway

are located north of the profile termination.
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Figure 11. Northwest to southeast Transect C refraction results. (top) Derivative weight sum profile
showing ray density for the refraction analysis. (middle) Inversion result showing velocity distribution
along the profile. (bottom) Lithologic interpretation derived from velocity profile and from other

published resuits from Hawaii.
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The seismic refraction results from Transect C show low seismic velocities in the near surface depths
with a large velocity gradient that is consistent with shallow saprolite and basalt. With the exception of
the far southeastern portion of the profile, we identify hard saprolite and basalt within 50 feet of the
land surface. This result suggests that the basalt outcrops adjacent to the profile are highly weathered
and are consistent with the velocity of hard saprolite. The southern portion of the profile shows a

thicker section of alluvium and greater depth to saprolite.

The seismic reflection profile shows a reflector at about 50 feet below land surface along the middle
portions of the profile (Figure 12). This reflector is consistent with the depth to basalt as mapped with
seismic refraction data. Other deeper reflectors mapped on the profile may represent deeper
boundaries flow, but there is no continuous reflectivity across the profile to point to laterally continuous

basalt sub-flow stratigraphy.
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Figure 12. Transect C reflection and refraction profile showing shallow saprolite and basalt,

consistent with mapped geology. Datum elevation is 197 feet.
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The 1,250 ft long north-south trending Transect D seismic survey was acquired with land streamer
geophones and PEG-40 seismic source on Halawa Valley Street in front of the Halawa Correctional
Facifity in South Halawa Valley {Figures 1 and 2). The profile gradually decreases in surface elevation by
approximately 70 feet to the south (Figure 13). Ko’olau volcanic series basalt outcrops are mapped
immediately north of the profile on the Queen Emma quarry property (Sherrod et al., 2007). South
Halawa Stream crosses at approximately position 1200 on this profile, along the southern margin of the

asymmetric South Halawa Valley.
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Figure 12. North to south Transect D refraction results. {top) Derivative weight sum profile showin

ray density for the refraction analysis. (middle) Inversion result showing velocity distribution along

the profile. (bottom) Lithologic interpretation derived from velocity profile and from other published

results from Hawaii.
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The seismic refraction results from Transect D show shallow velocities consistent with saprolite along
the northern portions of the profile and velocities consistent with dry alluvium along the southern 1,000
feet of the profile (Figure 13). The alluvium layer is thickest between transect positions 800 to 900 feet,
and gradually thins to the north and south. This alluvium base geometry is consistent with an
abandoned or broad paleochannel of South Halawa Stream across the center portions of the profile. At
depths upwards of approximately 30 feet, velocities increases are conisistent with a transition from
alluvium to dry saprolite and at depths that range from approximately 10 to 100 feet, velocity increases
suggest hard or saturated saprolite are present. It is possible that the higher velocities along the
southern portions of this profile represent perched water derived from the South Halawa Stream and
that the higher velocity saiprolite values along the northern portions of this profile are related to more
competent basalt thatis seen in outcrop to the north (as seen on Transect C).

Immediately below the depth that hard saprolite is mapped along the: northern portions of the seismic
refraction profile (Figure 13), the seismic reflection profile shows a high amplitude approximately 30
degree south dipping reflector that is interpreted as the base of saprolite or top of unaltered basalt
(Figure 14). This strong amplitude reflector suggests there is an abrupt seismic velocity and/or rock
density contrast at this boundary along the northern half of the profile that extends to approximately 40
feet below sea level. Farther south (between 800 to 1100-foot distance), the highest amplitude
reflectors extend to depths of about 300 feet below sea level. At the very southern termination of the
profile, high amplitude reflectors shallow and extend from sea level to about 100 feet below sealevel. If
the interpreted highest amplitude reflector along the profile represenits the base of saprolite, this
suggests that the basalt chemical weathering front advances in a complex manner that may be related
to fluid interactions or basalt stratigraphy. The greatest depth to the asymmetric base of saprolite
reflector coincides with the location of South Halawa Stream.
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Figure 14. Transect D reflection and refraction profile showing saprolite base reflectors in an
1 asymmetric basin geometry. Datum elevation is 210 feet.
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Transect E

The 250 foot long north-siouth trending Transect E seismic survey was acquired with planted geophones
and PEG-40 and sledge hammer seismic sources on a perimeter road behind the Halawa Correctional
Facility in South Halawa Valley (Figures 1 and 2). The profile gradually decreases in surface elevation by a
few feet to the south (Figure 15). Ko’olau volcanic series basalt outcrops are mapped within 500 feet
both to the north and south of the profile (Sherrod et al., 2007). Monitoring well 3-2253-03 is located
approximately 50 feet to the east of the 50 foot surface position where alluvium was mapped to a depth
of approximately 80 feet, weathered basalts (saprolite) were interpreted to approximately 320 feet
below land surface, and groundwater was interpreted to be at approximately 210 feet below land
surface (AECOM). South Halawa Stream crosses immediately to the south of this profile.

The seismic refraction results from Transect E show velocities consistent with dry alluvium for the upper
5to 15 feet along the profile (Figure 15). The alluvium layer is thickest at the southern end of the profile
near South Halawa Stream. Below the alluvium, velocity increases are consistent with saprolite. Higher
velocity materials are mapped along the southern half of the profile, consistent with saturated or harder
saprolite. Given the proximity of this portion of the profile to the stream, we infer that these higher
seismic velocities represeint the depth to perched water. The depth to water-saturated saprolite on the
northern portions of the profile are greater than the imaging capabilities of the refraction data,
consistent with deeper water table measured in monitoring well 3-2253-03.

Theseismic reflection profile shows an undulating reflector that ranges in depth from 50 to 100 feet.
This reflector is interpreted to represent the base of alluvium, consistent with a depth of 80 feet in the
nearby monitoring well 3-2253-03 (80 foot depth). This depth is greater than the 1,000 m/s contour
identified with refraction analyses, suggesting that alluvium seismic velocities may be faster than
published reports from Hawaii and overlap with velocity ranges for highly altered saprolite. Two strong
amplitude flat-lying reflectors at 250 and 330 ft below land surface were identified and the deeper
reflector is interpreted to represent the saprolite base. This is consistent with the lithologic log
interpretation for dense gray basalt overlying weathered basalt at this depth. Due to the short length of
the seismic profile, the geometry of saprolite base is poorly constraind.
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Figure 15. North to south Transect E refraction results. (top) Derivative weight sum profile showing
ray density for the refraction analysis. (middle) Inversion result showing velocity distribution along
the profile. (bottom) Lithologic interpretation derived from velocity profile and from other published
results from Hawaii.
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Figure 16. Transect E reflection and refraction profile showing an unidulating reflection that is
interpreted as top of saprolite. The deepest identified flat-lying reflector is interpreted to represent
base of saprolite. This depth is consistent with lithologic logs from nearby boreholes. Datum

elevation is 223 feet.
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The 450 foot long north-south trending Transect E seismic survey was acquired with planted geophones
and PEG-40 seismic source along an access road within the Hawaii Department of Agriculture Animal
Quarantine Station facility in South Halawa Valley (Figures 1 and 2). The profile decreases in surface
elevation by a few feet to the south (Figure 17). South Halawa Stream is located just south of this profile
near the southern margin of the valley. Honolulu volcanic series rocks are mapped about 100 feet south
of the profile and Ko’olau volcanic series rocks are mapped to the north of the profile.
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The seismic refraction results from Transect F show velocities consistent with dry alluvium for the upper
15 to 25 feet along the profile (Figure 17). The alluvium layer increases in thickness to the north. Below
the alluvium, velocity increases are consistent with saprolite and saturated/hard saprolite along most of
the profile. Given the proximity of this portion of the profile to the South Halawa Stream and the
relative uniformity to the top of hard/saturated saprolite, it was interpreted that these higher seismic
velocities represent the depth to a perched water system. Velocities representing basalt are either at
the bottom of the refraction model or, at greater depths.

The seismic refiection profile shows a relatively flat lying reflector at approximately 80 to100 foot
depths that may represent top of saprolite or water table reflector. This reflector is deeper than the
interpreted alluvium base mapped with refraction methods. A 10 degree south dipping reflector at 400
to 500 foot depth below liand surface is interpreted as the base of saprolite. Considering the relative
position of this reflector with respect to the extent of South Halawa Valley, it is interpreted that the
saprolite base contains aniasymmetric bedrock geometry where the greatest base of saprolite depthis
located south of the Transect F limits. This saprolite base geometry is consistent with Transect D depths
and inferred bedrock geometry. This observation supports a more active chemical weathering front
beneath the lowest elevations across the valley and beneath the present day South Halawa Stream.
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Figure 18. Transect F refflection and refraction profile showing a near flat-lying reflector that is
interpreted as top of saprolite at a depth of approximately 100 feet. We define a south-dipping
reflector at a depth of approximately 400 feet to represent the base of saprolite. This depth is

consistent with lithologic logs from nearby boreholes. Datum elevation is 131 feet.
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Transect G
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The 3,000 foot long northeast-southwest trending Transect G seismic survey was acquired with land
streamer geophones and PEG-40 seismic source on lcarus Way on the Navy’s Red Hill property (Figures 1
and 2). The profile gradually decreases in surface elevation by about 100 feet to the west (Figure 19).
Ko’olau volcanic series basalt outcrops are mapped immediately south of the profile along Red Hill
(Sherrod et al., 2007). Monitoring wells RHMW06 and RHMWO?7 are located along the profile at about
positions 180 and 1320 respectively (Figures 1 and 20) and show alluvium over saprolite at 24 foot and
23 foot depths, saprolite over basalt at 35 feet and 27 feet, and depth to water table at 239 and 192 feet

respectively.
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Figure 19. West to east Transect G refraction results. (top) Derivative weight sum profile showing ray
density for the refraction analysis. (middle) Inversion result showing velocity distribution along the
profile. (bottom) Lithologic interpretation derived from velocity profile and from other published

results from Hawaii.

FINAL REPORT

31



0O NGO WUV & WN L

10
11
12

13

Red Hill seismic survey — A Boise State University report March 2018

The seismic refraction results from Transect G show velocities consistent with dry soil or alluvium for the
upper 0 to 30 feet along the profile (Figure 19). Deeper pockets of dry alluvium are observed between
400 to 1500 feet along the transect between positions 1900 and 2800 feet. The western and central
portion of the profile show faster velocities at the land surface, consistent with saturated or hard
saprolite. Below the alluvium, velocity increases are mostly consistentt with saturated/hard saprolite
along the most of the profile. The depth to saprolite base determined from the refraction results is very
consistent with lithologic contacts derived from monitoring well logs. These monitoring wells show
greater depths to water, thus we conclude that the saprolite and shallow basalts are dry

The seismic reflection image for Transect G (Figure 20) shows a strong reflector that is consistent in
depth to the saprolite base. Where the refraction results show basalt approaching land surface, the
saprolite base reflection is attenuated. This is mostly due to the limited reflection coverage (fold) in the
upper 20 feet of the profile related to the lack of geophone coverage at distances less than 30 feet.
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Figure 20. Transect G reflection and refraction profile showing a reflector at the base of saprolite,
consistent with the transition in seismic velocities to unaltered basailt. Two monitoring wells are
located near this profile and are used to constrain geologic interpretations. Datum elevation is 246
feet.
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Transect H

The 830 foot long west-east trending Transect H seismic survey was acquired with planted geophones
and mostly sledge hammer seismic sources across the Moanalua golf course (Figures 1 and 2). A few
PEG40 hammer hits were acquired along the east end of the profile, off of driving ranges and greens.
The profile decreases in surface elevation by about 60 feet to the east (Figure 15) and much of the
profile was acquired along a topographic saddle between golf course holes. The Moanalua Stream is
located immediately east of the profile. Honolulu volcanic series basalt outcrops are mapped at the
surface along the western portions of the profile and Ko’olau volcanic: series basalts are mapped
immediately to the north of the profile. (Sherrod et al., 2007). In the center of the profile, rock outcrops
consistent with saprolite were noted.
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Figure 21. West to east Transect H refraction results. (top) Derivative weight sum profile showing ray
density for the refraction analysis. Note the deeper arrivals from the PEG40 hammer hits. (middle)
Inversion result showing: velocity distribution along the profile. (bottom) Lithologic interpretation
derived from velocity profile and from other published results from Hawaii.

The seismic refraction results from Transect H show velocities consistent with dry alluvium for the upper
60 fogt alonatheaact an B or b ofile and variable depths along the western portion of the
profile (Figure 21). Refraction arrivals from greater depths along the e:astern portion of the profile
resulted from PEG40 hits. The thick alluvium layer beneath the eastern half end of the profile is
consistent with mobilized sediment from the Moanalua Stream (paleochannel). Below alluvium,
refraction velocity increas.es are consistent with the presence of saprolite. Saprolite velocities are
mapped to surface elevations in the middle of the profile where weathered rock outcrops appear (noted

on field observations). The depth to saturated or hard saprolite is within 10 to 20 feet beneath the
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western portion of the profile and approximately100 feet beneath the eastern portion of the profile.
Given the proximity to maipped basalt along the western portions of the profile (Sherrod et al. 2007), we
presume that the faster velocity materials represent hard saprolite and are likely not saturated.

The seismic reflection profile for Transect H shows poor quality reflectivity, likely due to the lack of
PEG40 hammer hits that help produce signals to greater depths (Figure 22). We do observe
discontinuous reflectors in the upper 200 feet below land surface that we interpret as top of saprolite.
However, the refraction data better constrain this contact. We do not: observe a deeper reflection that is
consistent with depth to saprolite base. Here, it is believed that more seismic energy is needed to image
this contact.
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Figure 22. Transect H reflection and refraction profile showing a reflector at the top of saprolite,
consistent with the transition in seismic velocities to saprolite. Saprolite is observed at the surface in
the center of the profile. Datum elevationis 190 feet.

Transect !

The 350 foot long north-south trending Transect | seismic survey was acquired with planted geophones
and PEG40 seismic hammer sources across the eastern extent of the Moanalua golf course (Figures 1
and 2). The profile decreases in surface elevation by a few feet to the south (Figure 24). The Moanalua
Stream is located immediately south of the profile. Honolulu volcanic series basalt outcrops are mapped
at the surface to the west of the profile and Ko’olau volcanic series basalts are mapped immediately to
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the north of the profile (Figure 2; Sherrod et al., 2007). Older alluvium is mapped at the surface along

the length of the profile.
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Figure 23. West to east Transect | refraction results. (top) Derivative weight sum profile showing ray
density for the refraction analysis. (middle) Inversion result showing; velocity distribution along the
profile. (bottom) Lithologic interpretation derived from velocity profile and from other published

results from Hawaii.

The seismic refraction results from Transect | show velocities consistent with dry alluvium for the upper
20 to 30 feet along the length of the profile (Figure 21), consistent with mobilized sediment from the
Moaualua Stream (paleochannel). Below the alluvium, velocity increases are consistent with saprolite.
Along the length of the profile, refraction velocities gradually increase and are consistent with hard or
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saturated saprolite at depths of approximately 50 to 80 feet. The depth to saturated sediments in not

constrained is in this valley.

Hon £ Trmencnm el
R ti

Of I fansect 1 SNoOWS d LUIIL!IIUUUD lﬂllCL

of approximately 50

feet which is consistent with the base of alluvium (slightly deeper than the 1,000 m/s contour that we
use for refraction breaks) (Figure 24). An arcuate reflector at a depth of approximately 250 to 300 feet
may represent the base off saprolite, but this reflector was poorly imaged due to the short line length.
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Figure 24. Transect | reflection and refraction profile showing a reflector at the top of saprolite,
consistent with the transition in refraction velocities from alluvium to saprolite. A deeper arcuate
reflector may represent the base of saprolite, but this refiector is poorly imaged beneath the ends of

the profile. Datum elevation is 151 feet.
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Conclusions
The Red Hill seismic survey yielded information on key hydrostratigraphic boundaries below three

valleys on the island of O’ahu, Hawaii. The seismic velocity and reflection results froni this study, allow
definition of four hydrostratigraphic units. Seismic velocities that are consistent with dry alluvium, as
measured by seismic velocities less than 1,000 m/s, extend up to 60 feet deep in all three valleys. These
shallow alluvial sediments overlie saprolite, as defined by velocities between 1,000-1,500 m/s. The
thickness of dry saprolite layer ranges from O to 100 feet thick. With increasing depth and rock density,
saprolite increases in seismic velocity to greater than 1,500 m/s. Also, with saturation, seismic velocities
in both alluvium and saprolite exceed 1,500 m/s. These zones extend in depth for a few hundred feet
beneath ail three valleys. Unaltered basalts exceed a seismic velocity of 3,000 m/s. These velocities are
observed along the valley margins and at depth beneath each valley. We find highly weathered volcanic
rocks extend to about 300 feet below sea level beneath depths North Halawa and South Halawa valleys.
The depth and saprolite biase geometry is less constrained beneath Mloanalua Valley. The greatest depth
to saprolite base is consistent with the surface expression of the streams that drain the valleys.
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