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We document characteristics of tephra, including facies and geochemistry, from 27 subsurface sites in the Sacra-
mento–San JoaquinDelta, California, to obtain stratigraphic constraints in a complex setting. Analyzed tephra de-
posits correlate with: 1) an unnamed tephra from the Carlotta Formation near Ferndale, California, herein
informally named the ash of Wildcat Grade (b~1.450 to N~0.780 Ma), 2) the Rockland ash bed (~0.575 Ma),
3) the Loleta ash bed (~0.390 Ma), and 4) middle Pleistocene volcanic ash deposits at Tulelake, California, and
Pringle Falls, Bend, and Summer Lake, Oregon, herein informally named the dacitic ash of Hood (b~0.211 to
N~0.180 Ma). All four tephra are derived from Cascades volcanic sources. The Rockland ash bed erupted from
the southern Cascades and occurs in up to N7-m-thick deposits in cores from ~40m subsurface in the Sacramen-
to–San Joaquin Delta. Tephra facies and tephra age constraints suggest rapid tephra deposition within fluvial
channel and overbank settings, likely related to flood events shortly following volcanic eruption. Such rapidly de-
posited tephra are important chronostratigraphic markers that suggest varying sediment accumulation rates in
Quaternary deposits below the modern Sacramento–San Joaquin Delta. This study provides the first steps in a
subsurface Quaternary stratigraphic framework necessary for future hazard assessment.

Published by Elsevier Inc. on behalf of University of Washington.
Introduction

Tephra deposits (including volcanic ash, pumice clasts, lapilli, and
glass shards) are important correlation tools that can be used to constrain
time surfaces in sedimentary successions (e.g., Sarna-Wojcicki, 2000;
Lowe, 2008, 2011; Nooren et al., 2009; Addison et al., 2010; Salisbury et
al., 2012). Additionally, detailed description and interpretation of tephra
deposits including facies analysis can lead to a better understanding of de-
positional processes (e.g., Nakayama and Yoshikawa, 1997; Kataoka,
2005; Kataoka et al., 2009; Manville et al., 2009; Lowe, 2011; Gatti et al.,
2011, 2013; Tripaldi et al., 2011). In this study, analysis and correlation
of identified tephra deposits aid subsurface chronostratigraphic correla-
tions and depositional environment interpretations in the complex set-
ting of the Sacramento–San Joaquin Delta (also referred to herein as the
delta), California, an important area for natural hazards, freshwater sup-
ply, ecosystems, tectonics, and sediment transport and deposition.

The Sacramento–San Joaquin Delta includes the lower reaches of the
Sacramento and San Joaquin rivers and the confluence of these two
ific Coastal and Marine Science
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ity of Washington.
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rivers upstream from San Francisco Bay (Fig. 1). Rivers presently
drain the interior of central and northern California into the delta
(~1400 km2) and create a region of wetlands that have been anthropo-
genically modified into agricultural lands beginning in themid-19th cen-
tury (Jackson and Paterson, 1977; Logan, 1990; Ingebritsen et al., 2000).
The modern Sacramento–San Joaquin Delta is dominated by peat de-
posits, developed during the Holocene, and intervening fluvial channels
(e.g., Drexler et al., 2009, 2014). Agricultural development and farming
of peat soils have led to oxidation and compaction of peat soils and subsi-
dence of the region below sea level (Deverel and Rojstaczer, 1996;
Ingebritsen et al., 2000; Mount and Twiss, 2005; Coons et al., 2008). Le-
vees and a complex system of waterways have been constructed to
keep saline sea water out of the delta, protect shipping lanes, prevent de-
structiveflooding of the islands, andmaintain California's freshwater sup-
plies (Jackson and Paterson, 1977; Ingebritsen et al., 2000; Burton and
Cutter, 2008). Only the westernmost modern Sacramento–San Joaquin
Delta experiences brackishwater conditions, and this has been consistent
into the Pleistocene and throughout the Holocene (Byrne et al., 2001;
Starratt 2002, 2004; Drexler et al., 2014). During Pleistocene climatic fluc-
tuations, the Sacramento–San JoaquinBay-Delta encompassedfluvial sys-
tems, with themodern drainage configuration being established by ~0.6–
0.4 Ma (Barnard et al., 2013 and references therein).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.yqres.2014.12.007&domain=pdf
http://dx.doi.org/10.1016/j.yqres.2014.12.007
mailto:kcoble@usgs.gov
http://dx.doi.org/10.1016/j.yqres.2014.12.007
http://www.sciencedirect.com/science/journal/00335894
www.elsevier.com/locate/yqres
https://doi.org/10.1016/j.yqres.2014.12.007


379K.L. Maier et al. / Quaternary Research 83 (2015) 378–393

https://doi.o
The modern Sacramento–San Joaquin Delta (Fig. 1) is the epicenter
of numerous risk assessment, land management, water resource, infra-
structure, and agricultural issues (e.g., Ingebritsen et al., 2000) because
the fresh water supply for N2/3 of California moves through the delta
waterways. The delta contains abundant agriculture, diverse wetland
ecosystems, and growing urban areas. Levees within the delta, and the
populations, infrastructure, freshwater, and agriculture behind them,
are potentially at risk of failure related to shaking and liquefaction dur-
ing an earthquake (Finch, 1988; Wong et al., 2006; Burton and Cutter,
2008; Real and Knudsen, 2009; Real et al., 2010). Seismic activity is pos-
sible along numerous faults in the adjacent San Francisco Bay area,
where several large-magnitude (NM6.0) earthquakes have occurred in
historic times (e.g., Yu and Segall, 1996; Unruh and Krug, 2007; Unruh
et al., 2009). Chronostratigraphic markers, such as tephra layers, are
critically important for calibrating Quaternary stratigraphic relation-
ships necessary to address seismic and liquefaction hazard assessment,
infrastructure planning, and water management in the delta.

Existing documentation and interpretation of deposits in and below
themodern Sacramento–San Joaquin Delta are focused on surficial expo-
sures and shallow boreholes (b15 m) (e.g., Atwater, 1982; Goman and
Wells, 2000; Brown and Pasternack, 2004; Drexler et al., 2014). In partic-
ular, studies have addressed the increased subsidence in delta islands
with respect to reclamation, agriculture, peat soils, and wetland ecosys-
tems (e.g., Deverel and Rojstaczer, 1996; Jassby and Cloern, 2000;
Drexler et al., 2007), and detailed chronology of small regions has focused
on the Holocene (e.g., Ingram et al., 1996; Goman andWells, 2000; Byrne
et al., 2001; Starratt, 2002, 2004; Brown and Pasternack, 2004; Wright
and Schoellhamer, 2005;Drexler et al., 2014). Although a geologic context
for the Quaternary of the region has been established from surface map-
ping (e.g., Atwater, 1982; Lettis, 1982), additional subsurface chrono-
stratigraphic markers are needed to extend Quaternary stratigraphic
framework into deposits buried below the modern Sacramento–San
Joaquin Delta. Buried Pleistocene and Holocene deposits contain material
properties that will direct ongoing infrastructure planning and also may
record potential fault activity in the region. Age constraints for these bur-
ied deposits are largely lacking and are needed for chronostratigraphic
correlation, which in turn, supports hazard mitigation planning.

Tephra layers are preserved in deposits buried in the Sacramento–
San Joaquin Delta (Maier et al., 2014). Abundant Quaternary volcanism
in the western U.S. (Luedke and Smith, 1991) has led to sampling and
analyses of numerous tephra layers from the region (Fig. 2), and results
from thousands of samples are available in the U.S. Geological Survey
(USGS) Tephrochronology Project database. The extent of primary teph-
ra distribution, characteristics, geochemistry, and age constraints have
been established for significant regional tephra (Fig. 2), including the
Rockland ash bed (Sarna-Wojcicki et al., 1985; Lanphere et al., 2004)
and the Loleta ash bed (Sarna-Wojcicki et al., 1987, 1989, 1991). Tephra
are preserved and sampled in recent California Department of Water
Resources geotechnical borehole cores in the Sacramento–San Joaquin
Delta, potentially providing key chronostratigraphic markers.

In this study,we address these questions: 1)WhichQuaternary tephra
are preserved in buried deposits below the modern Sacramento–San
Joaquin Delta?, 2) Do tephra record transport and deposition via fluvial
processes?, and 3) Are individual tephra preserved or pervasively mixed
with other tephra deposits?We hypothesize that individual tephra layers
are preserved, and that a percentage of these tephra were primarily
transported and widely deposited in fluvial systems, shortly following
eruption, resulting in chronostratigraphic surfaces. Recognition of numer-
ous new deposits of marker tephra buried below the modern Sacramen-
to–San Joaquin Delta provides a temporal and spatial framework that
supports interpretations of depositional environments and varying sedi-
ment accumulation rates. These new insights underpin subsurface corre-
lations that will be an important part of future development, planning,
and seismic hazard assessment in the Sacramento–San Joaquin Delta. Ad-
ditionally, the identification, correlation, and depositional interpretation
of tephra from geotechnical borehole samples here suggest that this
rg/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
integrated approach could also aid subsurface chronostratigraphic corre-
lation in otherfluvial-deltaic settingswhere geotechnical samples exist or
where boreholes are being drilled.

Methods

Available existing data

From 2009 to 2012, the California Department of Water Resources
(CDWR) drilled over 128 geotechnical boreholes across the Sacramento–
San Joaquin Delta. The drilling wasmotivated by proposals to construct
a subsurface water conveyance system along an approximate north–
south-oriented alignment from south of Sacramento to Clifton Court
Forebay (i.e., California Department of Water Resources et al., 2013).
Geotechnical drilling and sampling procedure is described in Maier
et al. (2014) and uses the Unified Soil Classification System (USCS)
(American Society for Testing and Materials, 2007). During CDWR geo-
technical drilling in the Sacramento–San Joaquin Delta, meters-thick
units of white, angular, sand and silt-size grains, and rounded, pebble-
size pumice grains were first recognized as potential tephra. Re-
examination of geotechnical logs by CDWR following drilling led to ad-
ditional recognition of potential tephra.

Geologic core descriptions and facies designations

In this study, CDWR coreswere examined at centimeter scale to pro-
vide stratigraphic context for tephra samples and to document subtle
differences in geologic parameters, such as grain size, sedimentary
structures, Munsell color, etc. Geologic core descriptions followed
methods detailed in Maier et al. (2014), wherein comprehensive logs
of tephra-bearing cores and additional cores lacking tephra are also
available. High-resolution logging was conducted for over 170 m of
retained punch core samples from 27 boreholes in the northern and
central regions of the delta inwhich tephra are identified. Detailed visu-
al re-examination of punch core and SPT samples identified additional
thinner, potential tephra-bearing units containing angular silt and
sand-size grains, a characteristic texture, and generally, a lighter color
than surrounding deposits.

Detailed observations in the form of geologic core logs, CDWR USCS
logs, and CDWR photos are used to determine the thickness of tephra
deposits, define tephra facies, and interpret processes of transport and
deposition. Tephra deposits in the subsurface Sacramento–San Joaquin
Delta are grouped into three facies based on grain size, thickness, and
concentration of volcanic-derived grains. Variation within facies is de-
scribed in terms of subfacies, which contain enough similar overall char-
acteristics to be grouped as a single facies but display differing internal
structures or subtle grain-size changes.

Tephra sampling and analyses

Weuse tephra nomenclature of Lowe (2008; 2011) wherein the term
tephra encompasses volcanic ash (grains b 2 mm in diameter) and pum-
ice lapilli (grains 2–64 mm in diameter). Both ash and pumice deposits
contain volcanic glass shards b 2 mm in diameter. Potential tephra-
bearing units were identified based primarily on a distinct texture, char-
acteristic gray to white color, and presence of glass shards in the tephra
units, in contrast to surrounding non-tephra-bearing deposits. Tephra
unitswere also identified by the presence of large rounded pumice grains,
distinct from sub-angular sand and gravelly sand deposits.

Ten tephra samples from eight of the 27 CDWRboreholes containing
tephra were analyzed for glass shard chemistry (Fig. 1B, C; Table 1).
Where possible, samples were obtained from punch cores in order to
generate a high-resolution record of stratigraphic and depositional con-
text. Six samples that each contained thick tephra deposits from depths
~40 m subsurface were analyzed from four boreholes near Hood, Cali-
fornia. Three samples from three boreholes in the northern to central

https://doi.org/10.1016/j.yqres.2014.12.007
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Figure 2. Stratigraphy of selectedmajor regional tephra and tephra discussed in this study.
Star and bold text indicate tephra identified in the subsurface Sacramento–San Joaquin
Delta. Oxygen isotope and relative eustatic sea level curve from Murray-Wallace and
Woodroffe (2014). Tephra ages from Taylor, 1981; Sarna-Wojcicki et al. (1985, 1987,
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regions of the delta, south of Hood, were recovered from thinner tephra
deposits at depths ranging from ~40 to ~53m subsurface. One addition-
al sample was recovered from an approximately 15-cm-thick tephra
layer at ~60mdepth subsurface in the northeastern portion of the delta.

Tephra sampleswere processed, petrographically described, and an-
alyzedwith an electronmicroprobe in the USGS Tephrochronology Pro-
ject and Microprobe laboratories in Menlo Park, California, generally
following methods described in Sarna-Wojcicki et al. (1987) and
McGann et al. (2013). Approximately 10 cm3 was removed from the
core or jar sample and washed with water through 100-, 200-, and
325-mesh (150 μ, 70 μ, and 38 μ, respectively) disposable nylon sieves
to remove clay-size material. Next, the b150 μ to N70 μ fraction was
treated with 10% dilute hydrochloric and 8% dilute hydrofluoric acids
for 60 and 10 s, respectively, to remove any surface contamination
and leached rims from volcanic glass shards. The volcanic glass shards
were then separated from other tephra constituents using a Frantz
magnetic separator (generally following Sarna-Wojcicki, 1976;
Sarna-Wojcicki et al., 1979, 1984, 1987). Shards were embedded in an
epoxy mount and polished to remove any altered exterior prior to elec-
tron microprobe analysis (EMPA).

Electron microprobe analysis (EMPA) utilized a JEOL8900 electron
microprobe with a 10 micron beam diameter at 10 nA and the acceler-
ating voltage set to 15.0 keV. For each sample, 20–30 grains were indi-
vidually analyzed with EMPA to chemically fingerprint the tephra
sample. Each shardwas analyzed for ninemajor andminor element ox-
ides (SiO2 Al2O3, FeO (Fe2O3), MgO, MnO, CaO, TiO2, Na2O, K2O). (See
Supplementary Tables 1–10 for individual shard analytical results and
descriptions.) Count time for sodium oxide is 10 s, and count times for
other oxides are 20 s. We use ZAF matrix corrections to calculate
oxide concentrations. The raw data were then recalculated to a 100%
fluid-free basis. Relatively stable oxides of iron and calcium are plotted
to show clustering of individual analyses in each analyzed sample
(Fig. 3A), and analytical results are also illustrated in a total alkali
(Na2O + K2O) silica (TAS) plot (after Le Bas et al., 1986) (Fig. 3B).

An average composition was calculated for each sample (with out-
liers removed) and quantitatively compared with a geochemical data-
base of N6000 volcanic glass samples and a laboratory database of
~7500 processed samples, mainly from the western United States. For
a complete tephrochronologic interpretation, geochemical data were
considered in addition to independent age control, stratigraphic posi-
tions, field and petrographic characteristics, andmineralogy of the teph-
ra sampled from Sacramento–San Joaquin Delta boreholes and
reference tephra samples.

Results

General properties of tephra buried in the Sacramento–San Joaquin Delta

General types of tephra are identified as containing primarily volca-
nic ash, pumice, and volcanic-ashmixedwith surrounding non-volcanic
sediments. Tephra units are distinct in color and texture from non-
volcanic deposits that dominate the core samples. Basal contacts of all
tephra units identified in punch core samples are sharp, with the transi-
tion to tephra occurring over b1 cm. Upper contacts of tephra are gen-
erally a gradual transition into mixed layers of upward-decreasing
tephra content.

Tephra were identified in 27 of the 128 recent CDWR boreholes
(Table 1). These tephra layers ranged in thickness from ~0.1 m to
~7.5 m (average= 1.9 ± 1.7 m standard deviation) andwere generally
Figure 1. Location of the Sacramento–San Joaquin Delta, California, study area and recent (2009
deposits. A) Insetmap showing the drainage area for water and sediment flowing into themod
mally named dacitic ash of Hood (■,♦,●, respectively in Part B) identified in CDWR boreholesw
( in Part B) correlates to another Cascade sample from near Ferndale, coastal northern Califo
Oregon, and Tulelake andMedicine Lake Volcano, California, are indicated. B)Map of themode
of the correlation panel in Fig. 6 is indicated. C) Enlarged insetmap of tephra-bearing boreholes
Fig. 7 are indicated.

rg/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
centered ~40m, ~53m, and ~60m below the present ground surface in
the northern, central, and eastern regions of the delta, respectively
(Table 1). Tephra units occur at ~40 m depth in a number of closely
spaced boreholes near the town of Hood, California (Fig. 1C), and at
deeper depths in numerous boreholes drilled southward into the cen-
tral region of the delta (Fig. 1B). Thick tephra deposits near Hood typi-
cally contain stacked layers that vary in volcanic ash content, grain
size, and sedimentary structures. A single tephra unit occurs at ~60 m
depth in the northeastern region of the delta, where few boreholes
were drilled during 2009–2012.
Tephra facies

We define three facies from tephra deposits in Sacramento–San
Joaquin Delta boreholes based on grain size, thickness, concentration
of volcanic-derived grains, and bedding structure. Tephra facies in the
subsurface Sacramento–San Joaquin Delta include: 1) fluvial
–2012) California Department ofWater Resources (CDWR) boreholes that intersect tephra
ern Sacramento–San Joaquin Delta (box). The Rockland and Loleta ash beds, and the infor-
ere erupted from volcanic sources to the north. The informally named ash ofWildcat Grade
rnia. General locations of correlative samples from Pringle Falls, Bend, and Summer Lake,
rn Sacramento–San Joaquin Delta showing locations of tephra-bearing boreholes. Location
near the townof Hood in the northern region of the delta. Locations of correlation panels in
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Table 1
Tephra deposits in California Department of Water Resources (CDWR) Boreholes (2009–2012), Sacramento–San Joaquin Delta, California.

Borehole CDWR ID Data Elevation (m)1 Top (m)2 Base (m)2 Thickness (m) ID/Stratigraphic Correlation2 Facies Underlying Deposit

B01 DCA-DH-003 Core, log −1.3 −55.3 −56.1 0.8 Loleta ash bed 3b Silt and clay
B02 DCA-DH-005 Core, log −4.0 −38.8 −39.1 0.3 Dacitic ash of Hood (informal) 3a Clayey silt and sand
B03 DCA-DH-014 Core, log 2.7 −39.6 −43.2 3.6 Rockland ash bed 2ab Sand
B04 DCA-DH-024 Core, log 3.4 −40.1 −43.8 3.7 Rockland ash bed 1abcdefg Sand
B05 DCA-DH-037 Log 0.8 −53.1 −53.3 0.2 Loleta ash bed 3 Silty sand
B06 DCE-DH-005 Log 1.2 −60.1 −60.3 0.2 Ash of Wildcat Grade (informal) – Clay
B07 DCIF-DH-013 Core, log 2.7 −41.0 −42.0 1.0 Rockland ash bed 1abcdfg Sand
B08 DCIF-DH-014 Core, log 3.0 −40.1 −43.0 3.0 Rockland ash bed 2b Silt, clay, and sand
B09 DCIF-DH-015 Core, log 2.6 −39.6 −42.2 2.6 Rockland ash bed 2bc Silty sand
B10 DCN4-DH-009 Log 2.9 −40.7 −41.1 0.1 Rockland ash bed – Sand
B11 DCN4-DH-028 Core, log 2.9 −41.0 −43.1 2.1 Rockland ash bed 2a Sand and gravel
B12 DCN4-DH-034 Core, log 3.6 −40.7 −43.1 2.4 Rockland ash bed 1acdfg Sand
B13 DCN4-DH-036 Core, log 3.9 −40.8 −44.0 3.2 Rockland ash bed 1bcdeg Sand
B14 DCR3-DH-003 Log 2.9 −42.7 −45.8 3.1 Rockland ash bed 2 Silty sand
B15 DCR3-DH-005 Log 3.0 −41.1 −41.9 0.8 Rockland ash bed 2 Silty sand
B16 DCR3-DH-013 Core, log 3.3 −39.9 −41.3 1.4 Rockland ash bed 1bcg Clay
B17 DCR4-DH-004 Log 3.1 −41.9 −42.0 0.1 Rockland ash bed 3 Sand and silt
B18 DCR4-DH-006 Log 3.3 −41.3 −41.8 0.5 Rockland ash bed 3 Sand and silt
B19 DCR4-DH-013 Core, log 2.9 −41.2 −43.0 1.8 Rockland ash bed 1adcfebg Sand
B20 DCR4-DH-014 Core, log 3.0 −40.5 −43.3 2.8 Rockland ash bed 1adec; 2a Sand
B21 DCR4-DH-015 Core, log 3.0 −40.3 −42.5 2.2 Rockland ash bed 1cdg Sand
B22 DCR5-DH-013 Core, log 2.8 −39.6 −47.1 7.5 Rockland ash bed 1b, 2acb Sand and gravel
B23 DCRA-DH-002 Log 3.0 −51.8 −52.3 0.5 Loleta ash bed 3 Clay
B24 DCRA-DH-005 Core, log 1.7 −57.0 −57.2 0.2 Loleta ash bed 3c Sandy clay
B25 DCRA-DH-009 Core, log 1.9 −52.2 −52.3 0.1 Dacitic ash of Hood (informal) 3a Sandy clay
B26 DCR-DH-003 Log 1.6 −39.4 −42.0 2.6 Rockland ash bed 1 Silty sand
B27 DCR-DH-004 Log 1.5 −41.0 −44.7 3.7 Rockland ash bed 2 Silty sand

1of land surface or sediment–water interface; 2drilled depth; 2italicized indicates lithostratigraphic correlation; regular font indicates geochemically analyzed and correlated.
See Fig. 1 for borehole locations.
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channel — concentrated volcanic ash, 2) fluvial channel — concen-
trated pumice, and 3) fluvial overbank — mixed volcanic ash and
mud. All three facies contain volcanic glass shards, and Facies 2 also
contains pumice.

Within each of the three facies, bed-scale variability is distinguished
as subfacies. Facies 1 and 2 typically occur as two ormore stacked tephra
beds with varying sedimentary structures. Facies 3 occurs with varying
thickness, typically with fewer stacked beds than Facies 1 or 2. Facies
and subfacies are described here and interpreted in terms of deposition-
al environments and transport processes.

Facies 1: fluvial channel — concentrated volcanic ash
Facies 1 has a characteristicwhite color (Munsell color 5Y 8/1) and is

identified as volcanic ash, typically containing sand and silt (Table 2,
Figs. 4A, 5A). Facies 1 deposits can be very thick (N3 m), and basal con-
tacts generally occur above sand-rich non-volcanic deposits (Table 1).
Many Facies 1 core samples display distinctive vertical stacking of
basal, intermediate, and top units, each characterized by different sedi-
mentary structures (Figs. 4A, 5A). Facies 1 subfacies are generally found
in succession (i.e., Facies 1a, 1b, 1c, etc. from base to top), although all
subfacies are not necessarily present in each borehole exposure
(Table 1; Maier et al., 2014). Basal Facies 1 units are characterized by
sand and silt-size volcanic ash and dark ferromagnesian minerals,
such as hornblende, magnetite, and biotite (Facies 1a, Fig. 4A-F1a),
and/or a very pure, concentrated deposit of silt-size volcanic ash (Facies
1b, Fig. 4A-F1b). Basal units of Facies 1 deposits may also contain inter-
nal deformation, such as water-escape structures or chaotic bedding
(Facies 1c, Fig. 4A-F1c). Intermediate units in Facies 1 deposits often dis-
play structures such as parallel laminations and thin beds (Facies 1d,
Fig. 4A-F1d) or ripple laminations and cross bedding (Facies 1e,
Fig. 4A-F1e). Top units of Facies 1 deposits often display normal grading
(Facies 1f, Fig. 4A-F1f) and reworkingwith non-volcanic siliciclastic de-
tritus (Facies 1g, Fig. 4A-F1g).

Characteristics of Facies 1 deposits indicate rapid deposition from a
flow containing concentrated tephra. Initial phases of Facies 1 deposition
represented by massive Facies 1a and 1b indicate a flowwith a high con-
centration of tephra material from which the grains were deposited too
oi.org/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
quickly to form sedimentary structures (e.g., Lowe, 1988). Continued
rapid deposition of concentrated tephramaterial led to dewatering struc-
tures (e.g., Postma, 1983) and other internal deformation noted in Facies
1c. Variations in the order of appearance of Facies 1d and 1emay indicate
fluctuations within the tephra-laden flow. Top units of Facies 1 deposits,
displayed in Facies 1f and 1g, indicate a general decrease in flow energy
(e.g., Miall, 1977b) and increasing mixing with non-tephra material. The
final stage includes more non-volcanic material (i.e., reduced tephra con-
centration). Gradual transitions within tephra units, from pure or near-
pure tephra to abundant (N~30%) volcanic ash mixed with non-volcanic
sediments, are interpreted as a single tephra deposit and continuous
depositional event containing a large and sudden influx of tephra
material (e.g., Kataoka and Nakajo, 2002). Because this single depo-
sitional event is inferred to occur over a geologically short interval of
time (e.g., Manville et al., 2005), Facies 1 deposits serve as chrono-
stratigraphic markers in the subsurface Sacramento–San Joaquin
Delta deposits.

Although the possibility of an air-fall volcanic ash component to
some of the basal Facies 1 deposits cannot be completely eliminated
due to the difficulty of distinguishing primary and reworked deposits
(e.g., Leahy, 1997), structures and thickness of Facies 1 deposits suggest
that fluvial transport brought tephra into the study area (e.g., Kataoka
and Nakajo, 2002; Manville et al., 2005, 2009). Deposition in a confined
setting, such as a fluvial channel, during flood events likely led to thick
tephra deposits. Minimal subsequent scouring and erosion suggest that
Facies 1 may not be deposited in the main fluvial channel thalweg, and
may also involve oxbow lake environments. The occurrence of Facies 1
deposits at the same elevationwithin closely-spaced boreholes concen-
trated near Hood (Fig. 1C) and above sand-rich deposits (Table 1) sup-
ports the interpreted fluvial channel depositional environment.

Facies 2: fluvial channel — concentrated pumice
Facies 2 is defined as a mixture of medium-bedded (centimeter to

decimeter bed thicknesses) pumice, volcanic ash, and non-volcanic
siliciclastic sand often containing internal sedimentary structures
(Table 2, Figs. 4B, 5B). Pumice grains are rounded and abraded. Facies
2 deposits are typically darker in color than Facies 1 deposits owing to

https://doi.org/10.1016/j.yqres.2014.12.007
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greater abundance of pumice and non-volcanic sediments. Generally,
Facies 2 deposits occur above finer-grained, less sand-rich deposits
than Facies 1 (Table 1). Facies 2 deposits can also be very thick (N3 m)
and occur as one or more subfacies.

Three subfacies of Facies 2 are differentiated based on grain size and
sedimentary structures within pumice-rich deposits (Figs. 4B, 5B). Fa-
cies 2a consists of horizontal, medium-bedded, massive pumice-rich
layers, generally without other internal structures (Fig. 4B-F2a). Facies
2b is comprised of abundant centimeter-thick cross-bedded, granule-
to pebble-size pumice in medium-bedded, pumice-rich layers
(Fig. 4B-F2b). Facies 2c is generally composed of finer-grained pumice,
up to coarse sand size, and abundant silt-size tephra in medium-
bedded units with centimeter-thick cross-bedding (Fig. 4B-F2c).
rg/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
Deposition of Facies 2 occurred from a flow dominated by pu-
miceous sediment. Because individual pumice grains are rounded
and abraded as is common from traction transport as bedload
(e.g., Grabau, 1913; Miall, 1977a; Williams et al., 2013) and in
fluvially transported tephra deposits (e.g., Manville et al., 2005),
Facies 2 is interpreted to record a depositional event with enough
energy to transport granule- to pebble-size pumice clasts as
bedload. Thus, Facies 2 likely represents higher-energy conditions
than those recorded by Facies 1 containing only silt and sand-size
ash particles. Likewise, Facies 2c may represent slightly lower
energy conditions than Facies 2a and 2b because Facies 2c includes
coarse sand-size pumice grains and an overall finer average grain
size.

https://doi.org/10.1016/j.yqres.2014.12.007


Table 2
Tephra facies and sub-facies in the subsurface Sacramento–San Joaquin Delta, California.

Facies Sub-facies Description Grain sizes Sedimentary
structures

Process implications Depositional environment Identified tephra

Concentrated volcanic ash
1 1a Massive sand-size ash with

dark mineral grains
Sand and silt None Base of stratified flow

Rapid deposition
Fluvial channel Rockland ash bed

1b Massive silt-size ash Silt None Rapid deposition

1c Deformed silt-size ash Silt Chaotic bedding
De-watering
structures

Rapid deposition
Soft sediment deformation

1d Parallel laminated to
thin-bedded ash

Silt Low energy parallel
laminations

Rapid deposition, slower
than 1a, 1b, & 1c

1e Cross-bedded to
ripple laminated ash

Silt Ripples
Cross-bedding

Continued flow and
decreased deposition rate
from 1d

1f Massive silt and clay-size ash Silt and clay None Lower energy than 1e
Continued rapid deposition

1g Massive ash reworkedwith surrounding
clay to sand

Clay and sand Gradual upward
decrease in tephra

Reworking

Concentrated pumice
2 2a Flat-bedded pumice Granule and

pebble (pumice),
Silt (ash), Sand

Medium-bedded
massive pumice
layers

High-energy
Rapid deposition

Fluvial channel, thalweg Rockland ash bed

2b Cross-bedded pumice Granule and
pebble (pumice),
Silt (ash), Sand

Medium-bedded
Cross-bedding

High-energy
Rapid deposition
Reworking

2c Cross-bedded to ripple laminated
pumice

Coarse sand
(pumice) to silt
(ash)

Medium-bedded
Ripples
Cross-bedding

Lower energy than 2b
Deposition and reworking

Mixed volcanic ash and mud
3 3a Thin (b0.5 ft), inclusion of non-volcanic

grains, may display a pinkish color
Silt and clay None Rapid deposition

Minor reworking
Fluvial overbank or flood
plain; deposited by fluvial
or air-fall mechanisms

Rockland
ash bed;
Loleta ash bed;
dacitic ash of Hood

3b Reworked, silty Silt and clay Upward fining
Upward decrease in
ash content

Rapid deposition
Reworking

3c Massive, silty, white concentrated base,
reworked top

Silt and clay Upward fining
Upward decrease in
ash content

Stratified flow
Rapid deposition
Reworking
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Rapid deposition occurred in Facies 2, especially in Facies 2amassive
beds (e.g., Lowe, 1988). All beds within Facies 2 are interpreted as a sin-
gle tephra deposit and continuous depositional event owing to the con-
centration of pumice grains within these but not other deposits. Thus,
Facies 2 deposits also serve as chronostratigraphic markers in the sub-
surface Sacramento–San Joaquin Delta deposits.

The abundant cross-bedding and thickness of Facies 2 suggest
reworked tephra and fluvial transport into the Sacramento–San Joaquin
Delta, similar to that interpreted for Facies 1. A confined setting, such as
a fluvial channel, is interpreted for Facies 2 massive and cross-bedded
pumice (e.g., Miall, 1977b; Kataoka and Nakajo, 2002; Manville et al.,
2009). Facies 2 deposits likely are related to a primary flow path
Figure 4. Photograph examples of tephra Facies 1, 2, and 3 from California Department of Wate
size volcanic ash with darkmineral grains in core from borehole B12. Facies 1b (F1b): massive s
ash in core from borehole B04. Facies 1d (F1d): parallel laminated to thin-bedded volcanic ash i
in core from borehole B20. Facies 1f (F1f):massive silt-to-clay size volcanic ash in core from bor
from borehole B21. B) Facies 2. Facies 2a (F2a): flat-bedded pumice in core from borehole B11
bedded finer pumice in core from borehole B22. C) Facies 3 mixed volcanic ash andmudwith s
to north, and photographs are shown at the same scale. Facies 3a (F3a): thin, partially reworked
reworked top in core from borehole B24. Facies 3c (F3c): thicker volcanic ash deposit with cle

oi.org/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
(i.e., fluvial channel thalweg) that received sediment-laden flows dur-
ing a flood event (e.g., Manville et al., 2005). Like Facies 1, Facies 2 oc-
curs exclusively in boreholes near Hood, and the silty underlying
deposits (Table 1) may suggest that Facies 2 records a shift in a fluvial
channel thalweg.

Facies 3: fluvial overbank — mixed volcanic ash and mud
Facies 3 is defined as volcanic ash mixed with non-volcanic

siliciclastic sediments (Table 2, Fig. 4C). Facies 3 is generally lighter-
colored than Facies 2 and slightlymore gray or pink than Facies 1. Facies
3 deposits generally are thinner than Facies 1 or 2 deposits, and can be
as thin as a few centimeters.
r Resources geotechnical borehole core samples. A) Facies 1. Facies 1a (F1a): massive sand-
ilt-size volcanic ash in core from borehole B04. Facies 1c (F1c): deformed silt-size volcanic
n core from borehole B20. Facies 1e (F1e): cross-bedded and ripple-laminated volcanic ash
ehole B07. Facies 1g (F1g):massive volcanic ash reworkedwith non-volcanic grains in core
. Facies 2b (F2b): cross-bedded pumice in core from borehole B09. Facies 2c (F2c): cross-
harp base contacts (arrows) to underlying sediments. Sub-facies are displayed from south
volcanic ash in core from borehole B02. Facies 3b (F3b): thicker volcanic ash deposit with

an, white, concentrated base and reworked top in core from borehole B01.

https://doi.org/10.1016/j.yqres.2014.12.007
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Three subfacies are described from Facies 3 based on thickness and
relative incorporation of non-volcanic grains. Facies 3a consists of a
massive, thin (b30 cm total thickness) deposit of moderately concen-
trated silt-size volcanic ash with a characteristic pinkish appearance to
pale olive-gray color (Munsell color 2.5Y 6/2) in core samples (Fig. 4C-
F3a). This color may represent variation in tephra composition, surface
contaminants or cements (such as clays, iron oxide, and carbonates)
on grains, and sedimentary reworking as compared with other facies.
Facies 3b lacks a concentrated tephra base and is a moderately thick
(~1 m) zone of volcanic ash mixed with silt, sand, and clay (Fig. 4C-
F3b). Facies 3c is a tephra deposit with a thin (b15 cm) massive white
base of concentrated silt-size volcanic glass shards overlain by a thicker
volcanic ash unit mixed with non-volcanic siliciclastic detritus (Fig. 4C-
oi.org/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
F3c). Both Facies 3b and 3c display an overall upward decrease in volca-
nic ash content.

The grain-size, structures, composition, and thickness of Facies 3 and
deposits underlying Facies 3 suggest a lower energy, less confineddepo-
sitional environment than Facies 1 and 2 (e.g., Miall, 1977b; Kataoka
and Nakajo, 2002; Königer and Stollhofen, 2009; Manville et al., 2009).
Facies 3a represents rapid deposition for a short time, potentially with
less reworking than Facies 3b or 3c, owing to the lack of sedimentary
structures other than grading. Like Facies 1a, the possibility of an air-fall
component cannot be completely eliminated for concentrated volcanic
ash in the base of Facies 3c (e.g., Leahy, 1997). Mixture with non-
volcanic siliciclastic grains suggests that fluvial transport brought Facies
3 tephra into the study area. Unlike the thick tephra deposits of Facies 1

https://doi.org/10.1016/j.yqres.2014.12.007
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and 2, Facies 3 does not require a confined depositional setting. Likely de-
positional environments for Facies 3 include fluvial overbank or flood-
plain settings that received periodic rapid deposition over large
unconfined areas (e.g., Miall, 1977b; Kataoka and Nakajo, 2002; Königer
and Stollhofen, 2009;Manville et al., 2009; Peterson et al., 2012). A flood-
plain to overbank setting is supported by the presence of fine-grained
non-volcanic deposits consistently underlying Facies 3 (Table 1).
Facies associations
Boreholes in the Sacramento–San Joaquin Delta with tephra tend to

contain a single Facies 1, 2, or 3 (Fig. 6). In the boreholes concentrated
near Hood, lateral variations in facies occur over short distances
(Fig. 7). Thin Facies 3 overbank deposits occur in two boreholes adjacent
to channelized Facies 2 and 3 deposits, aswould be expected for channel
and overbank depositional environment facies associations. In the area
of highest borehole density near Hood (Fig. 1C), Facies 2 generally oc-
curs to the east of Facies 1 (Fig. 7), likely related to the interpreted chan-
nel and avulsed channel deposits.

Facies 1 and 2 are documented in vertical succession in only two
boreholes, B20 and B22, where inconsistent superposition of Facies 1
and 2 suggests that a single event transported pumice and other finer-
grained tephra together. In B20, basal massive volcanic ash is overlain
by at least two units of tephra with basal pumice beds. These may rep-
resent fining upward packages, common in fluvial deposits, and alter-
nating pumice and finer-grained deposition. Fluvial drainages likely
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provided a mixture of volcanic glass shards and pumice that was strat-
ified and/or experienced staggered arrival in the Hood area. Borehole
B22 contains an upward increase in grain size and cross-bedding
where pumice followed volcanic ash deposition (Fig. 7), indicating an
increase in flow energy through time or a later arrival of pumice laden
tephra derived from drainages located closer to the eruptive center.

Tephra analytical results

The chemistry of samples from each of the three tephra facies in this
study was analyzed and compared to reference tephra samples in the
western U.S. (Table 3, Fig. 3, Supplementary Tables). Four separate teph-
ra are recognized in the CDWR boreholes and associated with age con-
straints based on prior studies. Here, the four tephra are presented in
stratigraphic order from oldest to youngest.

Informally named ash of Wildcat Grade (b~1.450 to N~0.780 Ma)
The normalized compositions of volcanic glass shards from sample

DCE-DH-005-197.3 in CDWR borehole B06 show this to be a homoge-
neous volcanic ash (Supplementary Table 4). The bulk sample had a dry
Munsell color of light olive gray (5Y 6/1). Glass shard morphology indi-
cates the presence of ~90%well-hydrated, platy, finely to coarsely ribbed,
or bubble wall/bubble wall junction shards that are solid to well-
vesiculated with elongate cylindrical or equant to irregular bubble-type
vesicles. Approximately 4% of constituents are highly devitrified grains.
North
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The remainder of the sample is composed of minor percentages of feld-
spars, quartz, orthopyroxenes, amphiboles, and biotite.

Based on geochemical data, in addition to independent age con-
trol for previously analyzed reference samples, stratigraphic con-
text, field and petrographic characteristics, and mineralogy, this
tephra in borehole B06 is most closely associated with samples
CARL-1(1) and HW692-7 in the USGS Tephrochronology Project da-
tabase (Table 3; Fig. 3A). HW692-7 is a tuff from the Montezuma
Formation (Graymer et al., 2002) exposed in the Montezuma Hills,
California, located ~30 km west of borehole B06. CARL-1(1) is an
un-named, Cascade-type Pleistocene tephra from near the base of
the Carlotta Formation on Wildcat Ridge along Mattole Road, about
a mile south of Ferndale, coastal northern California (Fig. 1A). Ogle
(1953) referred to this tephra as the Carlotta ash. The Wildcat
Grade ash is another informal name given to this tephra by S. Morri-
son of the Bureau of Land Management (personal communication).
In this study, DCE-DH-005-197.3 will hereafter be referred to as
the informally named ash of Wildcat Grade.

Sarna-Wojcicki et al. (1987) demonstrated that CARL-1(1) overlies
the RioDell ash bed (~1.450Ma) contained in the underlyingRioDell For-
mation. CARL-1(1) also underlies the Rockland ash bed (~0.575 Ma),
which is present and exposed in the overlying Hookton Formation
(Sarna-Wojcicki et al., 1991). The ~0.780 Ma Brunhes Normal-Polarity
Chron–Matuyama Reversed-Polarity Chron boundary occurs near the
base of the Hookton Formation (Woodward-Clyde Consultants, 1980),
further constraining the minimum age range of CARL-1(1) as older than
~0.780 Ma. Previous studies also have found the Brunhes–Matuyama
boundary preserved in time-transgressive strata disconformably overly-
ing the Rio Dell Formation (Clifton and Leithold, 1991). Based on the
Table 3
California Department of Water Resources (CDWR) Sacramento–San Joaquin Delta (California
chemical correlatives, and approximate age determinations.
Identified tephra are listed in stratigraphic order, from oldest to youngest, along with eruptive s
to 100% fluid free basis. Twenty to thirty grains were analyzed per sample.

SAMPLE ID SiO2 Al2O3 Fe2O3 MgO MnO CaO TiO2 Na2O

Ash of Wildcat Grade, informal name, this study (b~1.450 to N~0.780 Ma); volcanic source ar
DCE-DH-005-197.3 (B06) 75.45 15.08 1.57 0.27 0.08 1.12 0.21 3.52
CARL-1(1) 74.39 14.72 1.57 0.26 0.05 1.06 0.20 4.83
HW692-7 74.83 14.53 1.53 0.26 0.08 1.06 0.19 4.62

Rockland ash bed (~0.575 Ma), average of 39 samples; volcanic source area: Lassen Peak area
AVG 39 ROCKLAND TEPHRA 77.86 12.65 0.88 0.17 0.03 0.86 0.16 3.79

DCA-DH-024-132.3 (B04) 78.37 12.96 0.90 0.17 0.05 0.89 0.17 2.98
DCA-DH-024-143.0 (B04) 78.42 12.98 0.88 0.19 0.03 0.89 0.16 2.96
DCR3-013-133.75 (B11) 77.90 12.79 0.86 0.16 0.03 0.89 0.16 3.60
DCR5-013-136.0 (B16) 77.91 12.72 0.89 0.15 0.03 0.88 0.16 3.66
DCR5-013-151.55 (B22) 77.76 12.64 0.91 0.15 0.04 0.88 0.15 3.78
DCN4-028-140.0 (B22) 77.78 12.73 0.84 0.16 0.03 0.88 0.15 3.75

Loleta ash bed (~0.390 Ma, distal equivalent of Bend Pumice), volcanic source area; Three Sist
DCRA-DH-005-187.5 74.34 14.12 1.91 0.10 0.06 0.76 0.15 5.32

DCA-DH-037-174.1 75.88 14.37 1.89 0.13 0.07 0.81 0.15 3.66

DSDP 36-1-5 (57 cm) 74.21 14.07 1.98 0.12 0.06 0.73 0.14 5.42
SM-ASH-05 74.74 13.86 1.92 0.10 0.06 0.74 0.17 5.28
BPT-1 74.68 13.81 1.90 0.12 0.07 0.75 0.16 5.22

Dacitic ash of Hood, informal name, this study ( b~0.211 to N~0.180 Ma, 40Ar/39Ar isochron ag
DCA-DH-005-127.5 68.14 15.98 4.60 0.67 0.13 2.14 0.65 5.37

61284-10 68.55 15.37 4.26 0.66 0.14 2.03 0.65 5.85

BPT-CC 69.34 15.31 3.70 0.72 0.12 2.03 0.65 5.85

PF-88-O (SILICIC)(2) 68.45 16.19 3.64 0.67 0.11 2.16 0.67 5.81

oi.org/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
above geochemical correlations and stratigraphic interpretations, CARL-
1(1), and thus DCE-DH-005-197.3 and the ash of Wildcat Grade, have
an age of between ~1.450 Ma and ~0.780 Ma.

Rockland ash bed (~0.575 Ma)
Six tephra samples (DCA-DH-024-132.3, DCA-DH-024-143.0, DCN4-

DH-028-140.0, DCR3-DH-013-133.75, DCR5-DH-013-136.0, and DCR5-
DH-013-151.55 in boreholes B04, B11, B16, and B22, respectively)
from near Hood in the northern region of the delta display overall sim-
ilarities in geochemistry, subsurface depth, petrography, and mineralo-
gy. Samples from near the bases of the associated tephra units are fairly
homogeneous with a relatively high percentage of glass versus mineral
and altered grains, and lithic fragments. For example, sample DCA-DH-
024-143.0 (bulk sample Munsell color: yellowish gray (5Y 8/1)) con-
tains ~82%moderately coated (clay and iron oxide), predominantly col-
orless (rarely light brown), platy or blocky glass shards occasionally
with bubblewall/bubblewall junctions or fine, straight ribs, and equant
to irregular bubble-type or elongate tubular vesicles. Some microlitic
shards were also observed along with a small subpopulation of highly
frothy pumiceous shards. Remaining sample constituents include
comagmatic plagioclase feldspar, quartz, devitrified grains, hyper-
sthene, hornblende,magnetite, biotite, andmicrophenocrysts of apatite.

Samples from the tops of tephra units are more heterogeneous,
polymodal, and hydrated. For example, sample DCA-DH-024-132.3
(bulk sample Munsell colors: yellowish gray (5Y 7/2) to light olive
gray (5Y 5/2)) contains two geochemical populations of glass shards
(see Supplementary Table 1). Compared to near basal sample DCA-
DH-024-143.0, the residue from the DCA-DH-024-132.3 contains a
lower percentage (~56%) of colorless to light brown shards.
) borehole tephra volcanic glass shard compositions determined by electron microprobe,

ource areas and close chemical correlatives. Values are weight-percent oxide, recalculated

K2O LOCATION

ea: Cascade Range, Oregon
2.71 Eastern Sacramento–San Joaquin Delta, Sacramento County, California
2.92 Carlotta Fm., Wildcat Ridge, Humboldt County, California
2.90 Montezuma Hills, Solano County, California

, California
3.60 Volcanic source area: southern Cascade Range in vicinity of Lassen Peak, Shasta

County, California (Sarna-Wojcicki and Davis, 1991)
3.51 Near town of Hood, Sacramento County, California
3.49 Near town of Hood, Sacramento County, California
3.62 Near town of Hood, Sacramento County, California
3.60 Near town of Hood, Sacramento County, California
3.70 Near town of Hood, Sacramento County, California
3.67 Near town of Hood, Sacramento County, California

ers (?), central Cascade Range, Oregon
3.24 Northern Sacramento–San Joaquin Delta, Sacramento County, California,

Moderately to well hydrated sample.
3.05 Northern Sacramento–San Joaquin Delta, Sacramento County, California,

Moderately to well hydrated sample.
3.27 Deep Sea Drilling Site 36, northeast Pacific Ocean, offshore California
3.14 East of town of Loleta, Humboldt County, California
3.29 Bend Pumice = near source equivalent; volcanic source area: Three Sisters(?),

central Cascade Range, Oregon

e, Singer et al., 2008); volcanic source area: southern Cascade Range, Oregon
2.32 Central Sacramento–San Joaquin Delta, Sacramento County, California,

Moderately to well hydrated sample.
2.50 Tulelake basin, near Deadhorse Gulch, Modoc County, California. Underlies

61284-14 (Sarna-Wojcicki, unpublished data), the ~0.180 Ma tuff of Antelope
Well (Donnelly-Nolan, 2010)

2.50 Columbia Canal site, Deschutes County, Oregon. airfall pumice lapilli overlying
~0.290 Ma Tumalo Tuff (Sarna-Wojcicki et al., 1989).

2.30 Pringle Falls, Deschutes County, Oregon. PF-88-O stratigraphically overlies
PF-88-D (~0.211 Ma, Ar/Ar isochron age, Singer et al., 2008)
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Furthermore, the glass separate in this sample is composed of lower
density, lightly to heavily coated (iron oxide, carbonate, and clay), finely
ribbed and webby/frothy pumiceous shards containing equant to irreg-
ular bubble-type vesicles. Bubble-wall/bubble wall junction shards,
platy, and coarsely ribbed shards are less common. The remainder of
the processed residue consists of ~34% devitrified grains, and ~10%
euhedral to subhedral, occasionally glass-coatedminerals, including hy-
persthene, biotite, plagioclase, quartz, hornblende, magnetite, and
microphenocrystic apatite.

The six tephra samples near Hood are interpreted to correlate with
the Rockland ash bed based on the geochemical similarity of these sam-
ples with average Rockland ash bed chemistries (Table 3; Fig. 3A), inde-
pendent age control, stratigraphic positions, field and petrographic
characteristics, and mineralogy. The Rockland ash bed erupted in the
southern Cascades, southeast of Mount Lassen in northern California
and has been extensively studied in the Pacific northwest region
(Fig. 1A; Sarna-Wojcicki et al., 1985; Lanphere et al., 2004). Argon
(40Ar/39Ar) and U/Pb ages range from 0.609 ± 0.007 Ma to 0.565 ±
0.012 Ma (Lanphere et al., 2004), and ~0.575 Ma is used here as the
tephrostratigraphic age. The Rockland ash bed is a thick lithologic unit
in both boreholes B04 and B22, and samples spaced meters-apart in
each of these boreholes are interpreted as representing the bases (DCA-
DH-024-143.0 and DCR5-DH-013-151.55) and reworked tops (DCA-
DH-024-132.3 and DCR5-DH-013-136.0) of Rockland ash bed deposits.

Loleta ash bed (~0.390 Ma)
Tephra samples DCA-DH-037-174.1 and DCRA-DH-005-187.5 in

boreholes B05 and B24, respectively, display fairly homogeneous geo-
chemistry, with the exception of NaO (Table 3; Fig. 3). DCA-DH-037-
174.1 (bulk sample Munsell color: olive gray (5Y 3/2)) contains ~72%
platy or finely ribbed glass shards. Someof the shards displaymoderate-
ly to well-hydrated, tubular, and (or) equant to irregular bubble-type
vesicles, and some also have randomly oriented microlites. The sample
additionally contains ~21% highly altered and devitrified grains, ~5%
feldspars and quartz, ~1% hypersthene, hornblende, and biotite.

Sample DCRA-005-187.5 (bulk sample Munsell color: light olive
gray (5Y 6/1)) is predominantly comprised of ~79% angular, colorless,
platy, tightly ribbed, or bubble wall/bubble-wall junction, and sparsely
vesiculated shards. Microlites are noted in some of the shards. Webby
shards, and unhydrated to poorly hydrated, nearly to perfectly spherical
single bubble shards are much less common. Observed mineral assem-
blage includes feldspars, quartz, hornblende, biotite, and possibly chlo-
rite. This is consistent with the percent abundance and shard
morphology observed in sample DCA-DH-037-174.1.

Geochemical data from tephra deposits in boreholes B05 and B24
compared with the USGS Tephrochronology Project database, in addi-
tion to independent age control for database samples, stratigraphic po-
sitions, field and petrographic characteristics, and mineralogy, suggest
geochemical correlation with multiple previously analyzed samples of
the Loleta ash bed (~0.390 Ma). These previously analyzed samples in-
clude offshore samples from the Pacific margin and northeast Pacific
Ocean, including tephra intervals in Deep Sea Drilling Project (DSDP)
Site 36 in the northeastern Pacific Ocean (Sarna-Wojcicki et al., 1987;
Wan, 1988). The database also includes analyzed samples of Bend Pum-
ice (Sarna-Wojcicki et al., 1987) from Bend and Pringle Falls, Oregon
(Sarna-Wojcicki et al., 1987, 1989, 1991), and samples from Humboldt
Basin, California, among other distal localities (Table 3; Fig. 3A). The
Loleta ash bed is thought to have erupted from the central Cascades of
Oregon, possibly from the Three Sisters volcanoes, and is the distal
equivalent of the Bend Pumice, near Bend, Oregon (Sarna-Wojcicki
et al., 1987, 1989, 1991) (Fig. 1A).

Informally named dacitic ash of Hood (b0.211 to N0.180 Ma)
Tephra sample DCA-DH-005-127.5 in borehole B02 is from a thin

(b0.1 m-thick) layer of well-sorted, very fine-grained, pinkish to pale
olive-gray silt. The sample (bulk sample Munsell color: yellowish gray
rg/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
(5Y 7/2)) contains ~75% colorless to medium brown colored, microlitic
or microphenocrystic glass shards that are commonly platy, or exhibit
bubble wall/bubble-wall junctions, ribs, and vesicles. The microlites
and microphenocrysts are oriented randomly, parallel following rib-
bing, or rarely in a radiating pattern.

Glass shards in sample DCA-DH-005-127.5 are similar to dacitic–an-
desitic volcanic glass samples from Cascade-type tephra found at
Tulelake, California, and Pringle Falls, Bend, and Summer Lake, Oregon.
Sample DCA-DH-005-127.5 mostly closely correlates with sample
61284–10 ASW (Table 3; Fig. 3A) from Tulelake basin, near Deadhorse
Gulch,Modoc County, California. Sample 61284–10ASWunderlies sam-
ple 61284–14 ASW, which in turn, correlates to the dacite tuff of Ante-
lope Well (A. Sarna-Wojcicki, unpublished data) and previously
named “andesite tuff” by C.A. Anderson (Donnelly-Nolan, 2010). The
dacite tuff of Antelope Well has a reported age of ~0.180 Ma and
originated from Medicine Lake Volcano in northern California
(Herrero-Bervera et al., 1994; Donnelly-Nolan, 2010) (Fig. 1A). Sample
DCA-DH-005-127.5 is also closely associated with PF-88-O (Table 3;
Fig. 3A), a tephra from a stratigraphic section in Pringle Falls, Oregon,
that overlies PF-88-D, which has an 40Ar/39Ar isochron constrained
age of 0.211 ± 0.0064 Ma (Singer et al., 2008). These correlations thus
bracket the age range of sample DCA-DH-005-127.5 as between
b~0.211 to N~0.180 Ma. Further support that sample DCA-DH-005-
127.5 is a middle Pleistocene tephra is provided by its similarity to
BPT-CC, a tephra from Columbia Canyon, Oregon that overlies the
~0.290 Ma Tumalo Tuff (Sarna-Wojcicki et al., 1989) (Table 3). BPT-CC
in turn is chemically similar to ash bed NN at Summer Lake, Oregon
(Sarna-Wojcicki et al., 1989) which also has an 40Ar/39Ar age of
~0.300 Ma (Donnelly-Nolan et al., 2004).
Discussion

Tephra correlations

Tephra deposits in the subsurface of the Sacramento–San Joaquin
Delta provide the most reliable chronostratigraphic markers owing to
their rapid deposition in concentrated discrete layers with distinguish-
able facies. Comparison of analyzed sampleswith an extensive database
including samples that have been studied from better-preserved and
exposed deposits throughout the region provides reasonable and reli-
able age constraints for each of the four tephra identified in this study
that could not be derived from CDWRborehole samples alone. Using fa-
cies analyses, tephra correlations are broadly interpreted in unanalyzed
samples and used to delineate chronostratigraphic surfaces below the
modern Sacramento–San Joaquin Delta.

Identification of the Rockland ash bed, the Loleta ash bed, and the
dacitic ash of Hood can be tentatively extended based on facies charac-
teristics and stratigraphic position, thus extending age constraints and
chronostratigraphic markers. In this study, Facies 1 and 2 occur exclu-
sively in Rockland ash bed deposits near Hood at similar depths,
allowing inferred lithostratigraphic recognition of the Rockland ash
bed in 19 additional boreholes with unanalyzed tephra deposits
(Table 1; Figs. 1, 6, 7). Facies 3 has been identified intermittently in
the northern to central regions of the study area and individual Facies
3 deposits are associated with the Rockland ash bed, the Loleta ash
bed, and the dacitic ash of Hood. The Loleta ash bed only occurs as Facies
3b and 3c, and the Loleta ash bed correlations are tentatively extended
to three additional boreholes with unanalyzed Facies 3 tephra deposits
at similar depths (Figs. 1, 6). Thin tephra beds of Facies 3a occur farthest
to the south, in the central region of the delta where the dacitic ash of
Hood is encountered. Deposits of the dacitic ash of Hood that occur in
borehole B02 as Facies 3a are very similar to a tephra deposit in bore-
hole B25 to the south. Although the tephra layer occurs at a much
lower depth in B25 than in B02, they are both reasonably inferred to
be the same tephra based on strikingly similar and distinct appearance.
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Correlation of individual named tephra in adjacent boreholes re-
cords subtle variations in paleotopography, faulting, or differential sub-
sidence (Fig. 6). Loleta ash bed samples have ~3 m of topographic
variation on the chronostratigraphic surface marked by the base of the
tephra over ~8 km. The Rockland ash bed, identified across ~N15 km2

(Fig. 1C) has a relatively planar basal contact with ~3 m variation, pos-
sibly connected to local channel-related erosion. Differential depths of
the dacitic ash of Hood are interpreted to be related to differential sub-
sidence between the northern and central portions of the delta.

Identification of tephra chronostratigraphic markers in the subsur-
face allows stratigraphic correlation in the study area with other de-
posits in the region and along the Pacific margin. Identification and
correlation of tephra are particularly important in complicated tectonic
settings like California, where time-correlative deposits may occur at
different elevations over short distances. For example, the Montezuma
Hills, a fault-bounded horst located at the western edge of the Sacra-
mento–San Joaquin Delta (Krug et al., 1992), contain a tuff that corre-
lates with the ash of Wildcat Grade sampled at ~60 m subsurface
depth in the eastern region of the delta (Table 3), which provides evi-
dence that the hills contain sediment equivalent in age to sediment
buried below the eastern region of the delta. Thus, a portion of the sec-
tion encountered near the base of borehole B06may be correlative with
the Montezuma Formation (Graymer et al., 2002). Additionally, identi-
fication of widespread tephra, like the Rockland and Loleta ash beds, re-
lates deposits in the Sacramento–San Joaquin Delta to other basins and
outcrops across the Pacific northwest region and to more complete
stratigraphic sections in DSDP Site 36 (e.g., Sarna-Wojcicki et al., 1987,
Wan, 1988, Sarna-Wojcicki et al., 1989, 1991; Lanphere et al., 2004).

Tephra depositional environments and preservation

Based on inferred types of depositional environments in the region
during the Quaternary, borehole locations in the modern Sacramento–
San Joaquin Delta, first-order depositional interpretations of tephra facies
in this study, and relative eustatic sea level for approximate ages of iden-
tified tephra in this study (Fig. 2), fluvial depositional environments are
interpreted for tephra buried below themodern Sacramento–San Joaquin
Delta. During sea-level lowstands, the study areawas likely dominated by
braided or meandering fluvial channels (e.g., Barnard et al., 2013 and
references therein). At sea-level highstands, the region may have
contained fluvial, lacustrine, estuarine, and tidal marsh environments
(e.g., Malamud-Roam et al., 2006; Dettinger and Ingram, 2013; Drexler
et al., 2014). Combined analysis of tephra facies and geochemistry helps
to refine interpretation of deposits relative to fluctuations in Quaternary
eustatic sea level (e.g., Murray-Wallace and Woodroffe, 2014; Fig. 2).

Tephra Facies 1 and 2 interpretations in combination with eustatic
sea-level lowstand conditions during eruption (i.e., Bassinot et al.,
1994; Fig. 2) lead to an interpretation of Rockland ash bed deposits
being brought into the study area via fluvial transport from drainages
closer to the volcanic source area (Fig. 1A). Although fluvial transport
of the Rockland ash bed has not received as much attention as the age
and geochemistry of this tephra (e.g., Sarna-Wojcicki et al., 1985;
Lanphere et al., 2004; Pouget et al., 2014), fluvial transport and sedi-
mentation of fine-grained and pumice-rich tephra are common in
other settings (e.g., Shane, 1991; Mack et al., 1996; Kataoka and
Nakajo, 2002). Fluvial transport mechanisms may warrant consider-
ation throughout the region of Rockland ash bed occurrence, especially
when interpreting isopachmaps (e.g., Pouget et al., 2014). Proximal and
distal Rockland ash bed deposits are known to contain both pumice tuff
breccia and finer-grained flow components with some reworking
(Sarna-Wojcicki et al., 1985; Lanphere et al., 2004). Both appear to be
present in the study area. We interpret the Rockland ash bed transport
and deposition in the Sacramento–San Joaquin Delta as the result of a
large flood event in the paleo-Sacramento River, perhaps similar to Ho-
locene and historic flood events in the Sacramento–San Joaquin Delta
and its drainages (e.g., Malamud-Roam et al., 2006; Dettinger and
oi.org/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
Ingram, 2013; Drexler et al., 2014). Such flood events would havewide-
spread impact and may be relevant to other Rockland ash bed deposits
in the region.

Limited borehole sampling beyondHood restricts depositional envi-
ronment interpretations for the Loleta ash bed, the dacitic ash of Hood,
and the ash of Wildcat Grade in the Sacramento–San Joaquin Delta. In
general, thin, fine-grained Facies 3 deposits likely represent deposition
in overbank environments from fluvial transport (e.g., Kataoka and
Nakajo, 2002; Königer and Stollhofen, 2009; Manville et al., 2009;
Peterson et al., 2012).Where Facies 3 deposits occur adjacent to thicker
fluvial channel deposits of the Rockland ash bed, they are interpreted as
fluvially transported overbank deposits of the Rockland ash bed. The
Loleta ash bed and the dacitic ash of Hood may have been deposited
during higher eustatic sea level conditions than the Rockland ash
(Fig. 2) but may still represent fluvial depositional environments.
Broad age constraints for the informally named ash of Wildcat Grade
span numerous sea level fluctuations (Fig. 2), and lack of retained
cores prohibits further depositional environment interpretations.

The spatial distribution and preservation of all four tephra deposits
identified in this study are functions of the location of existing subsur-
face data, variations in sediment thickness within the subsurface
chronostratigraphic packages relative to borehole penetration depths,
varying environments of tephra deposition, and preservation potential.
The older ash ofWildcat Grade is present only in a deep borehole in the
eastern region of the delta, where the overall Quaternary sediment
package is thinner. Likewise, the Rockland ash bed is present in deep
(N40 m) boreholes in the Hood area but not farther south, where bore-
holes are not drilled deep enough to intersect time-correlative sediment
packages that might contain Rockland ash bed deposits (Fig. 6). A dy-
namic depositional environmentwith frequent fluvial erosion, especial-
ly during low stands of sea level, leads to an overall low preservation
potential for tephra in the study area, yet prevalent tephra deposits
are identified in borehole data presented here and may be related to
large influx of tephra during flood events. Channel avulsion related to
rapid deposition during tephra-laden flood events may have contribut-
ed to preservation of Rockland ash bed deposits. The Loleta ash bed and
younger dacitic ash of Hood occur as thin layers, and they are missing
from many adjacent boreholes with time correlative packages, likely
due to the overbank depositional environment that may have experi-
enced erosion or limited tephra deposition (e.g., Königer and
Stollhofen, 2009; Peterson et al., 2012). Tephra that occur as thin Facies
3 deposits may be present but unrecognized in additional boreholes
where core samples were not taken or were not retained. Continued
drilling coupled with targeted core sampling could potentially identify
more tephra (e.g., Fig. 2) and extend tephra chronostratigraphy in the
region. Additionally, the utility of tephra in this study suggests that geo-
technical borehole data from other locations could be useful in identify-
ing tephra and correlating chronostratigraphic surfaces, even when
tephra deposits are reworked. In particular, other mid-latitude regions
with documented Quaternary volcanism and potential for flood events
may preserve tephra deposits in channel, overbank, and lacustrine
environments.

Quaternary sediment accumulation rates

Lack of a simple linear relationship between age and depth of tephra
deposits indicates variation of Quaternary sediment thickness within
the Sacramento–San Joaquin Delta. In particular, the younger
~0.390 Ma Loleta ash bed is identified at deeper depths than the
~0.575 Ma Rockland ash bed (Fig. 6), suggesting a thickening of sedi-
ments southward from Hood. The b~0.211 to N~0.180 Ma dacitic ash
of Hood, the youngest tephra identified in this study, occurs at a deeper
depth in themore southern borehole B02 than themore northern bore-
hole B25, recording a thickening of sediment packages into the central
region of the delta. The varying sediment thicknesses can be used to cal-
culate overall sediment accumulation rates using the depth and
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approximate ages for each of the four tephra deposits identified in this
study. Increasing sediment accumulation to the south suggests that var-
iations in rates are related to differential subsidence as opposed to fluc-
tuating sea level.

Approximate sediment accumulation rates from the Sacramento–
San Joaquin Delta are calculated by dividing the sediment thickness
(i.e., depth of tephra in boreholes; Table 1) by the tephrostratigraphic
age. The oldest tephra and thinnest sediment thickness is encountered
in the eastern region of the delta, where the ash of Wildcat Grade
(b~1.450 to N~0.780 Ma) is sampled at ~60 m, resulting in an overall
sediment accumulation rate ~0.04–0.08 m/1000 yr. Along a more cen-
tral alignment, the Rockland ash bed (~0.575 Ma) is sampled at ~40 m
depth, resulting in an overall sediment accumulation rate of ~0.07 m/
1000 yr for the northern region of the delta. Rates are higher moving
south along the central alignment. The Loleta ash bed (~0.390 Ma) is
sampled at ~55 m depth, resulting in a sediment accumulation rate of
~0.14 m/1000 yr. The dacitic ash of Hood (b~0.211 to N~0.180 Ma) is
sampled at ~39 m and ~53 m depth in the central region of the delta,
resulting in rates ~0.18–0.22 m/1000 yr in the more northern sample
and ~0.25–0.29 m/1000 yr in the more southern sample.

Overall, sediment accumulation rates are relatively low throughout
the Sacramento–San Joaquin Delta. Gross estimates of accumulation
rates are on the order of 0.07 m/1000 yr in the northern and eastern re-
gions of the delta. Where sediments thicken in the central delta, rates
may be as high as ~0.29m/1000 yr. In comparison, high rates of sediment
accumulation in major deltas are orders of magnitude higher than sedi-
ment accumulation rates in the Sacramento–San Joaquin Delta, although
some rate variationmay be due to comparison of differing time intervals
(i.e., Sadler, 1981). For example, the late Quaternary Yangtze Delta (Chen
et al., 2000 and references therein; Hori et al., 2001), the Ganges–Brah-
maputra Delta (Goodbred and Kuehl, 2000) the Mississippi River Delta,
U.S.A., (Corbett et al., 2006), the Mahakam Delta, Indonesia, (Roberts
and Sydow, 1996, 2003; Storms et al., 2005), the Eastern Nile Delta,
Egypt, (Coutellier and Stanley, 1987), the Red River Delta, Vietnam,
(Hori et al., 2004), and the Yellow River Delta, North Yellow Sea, (Liu
et al., 2004) can have Quaternary sediment accumulation rates up to
two orders of magnitude higher than Quaternary rates calculated in the
Sacramento–San Joaquin Delta. Sediment accumulation rates in fluvial
systems, like those interpreted for tephra deposits in this study, vary by
many orders of magnitude, and can be a record of rapid deposition in in-
frequent, climatically-driven events (e.g., Aalto et al., 2003). For example,
Mississippi floodplains continue to accumulate sediment at higher rates
than rates resulting from this study (e.g., Benedetti, 2003; Benedetti
et al., 2007). Due to the large drainage area and associated large sediment
supply that was likely funneled into the Quaternary Sacramento–San
Joaquin Delta, accommodation space and tectonic influences on delta
configuration likely limited accumulation.

Owing to the utility of tephra deposits as marker beds, tephra layers
have been utilized in previous studies of fluvial-deltaic environments to
constrain sedimentation rates (e.g., Peterson et al., 2012), but tephra are
especially important markers in this study and other settings where
shallowly-buriedQuaternary sediments are too old for 14C dating. Teph-
ra are preserved in the Sacramento–San Joaquin Delta boreholes despite
the low sediment accumulation rate. This suggests that other fluvial-
deltaic settings in regions with known Quaternary volcanism may also
contain buried tephra that would aid in complex subsurface chrono-
stratigraphic correlations for future tectonic, climatic, and depositional
studies. Where continuous core samples are unavailable, discontinuous
geotechnical samples can provide necessary stratigraphic information
and sample material to identify and correlate tephra.

Implications for hazard assessment and development in the Sacramento–
San Joaquin Delta

Tephra ages, correlations, and associated variation in sediment accu-
mulation rates throughout the Sacramento–San Joaquin Delta provide
rg/10.1016/j.yqres.2014.12.007 Published online by Cambridge University Press
the basis for a Quaternary chronostratigraphic framework (Figs. 6
and 7). Such a framework is necessary for evaluating hazards relat-
ed to tectonic deformation, liquefaction, and potential Quaternary
activity of blind faults. Additionally, design and construction of a
proposed water conveyance system through the Sacramento–San
Joaquin Delta (i.e., California Department of Water Resources
et al., 2013) and continued management of California's water and
ecosystems resources require constraints on age and correlation
of subsurface deposits in the study area. Results and interpreta-
tions from this study will serve as inputs for future stratigraphic
modeling and hazard assessment related to infrastructure, re-
sources, and populations that depend on the Sacramento–San
Joaquin Delta.

Conclusions

Four distinct tephra are preserved in the Sacramento–San Joaquin
Delta, identified in 27boreholes, and correlated to regionally document-
ed tephra with age constraints — the informally named ash of Wildcat
Grade (b~1.450 to N~0.780 Ma), the Rockland ash bed (~0.575 Ma),
the Loleta ash bed (~0.390 Ma), and the informally named dacitic ash
of Hood (b~0.211 to N~0.180 Ma). Two of the tephra from the Sacra-
mento–San Joaquin Delta boreholes, the Rockland ash bed and the
Loleta ash bed, correlate to widespread tephra known throughout the
western U.S. The Rockland ash bed is prevalent in deep (N40 m)
boreholes in the northern region of the Sacramento–San Joaquin
Delta, near Hood, and may be present in deeper deposits farther to
the south that are not intersected by existing boreholes. The
Rockland ash bed occurs as three facies in this study — 1) volcanic
ash, and 2) pumice clasts interpreted to have been deposited in flu-
vial channel depositional environments, and 3) thin volcanic ash
mixed with mud interpreted to represent overbank depositional
environments. Due to the lack of volcanic sources in the study
area and prevalent thick deposits of tephra Facies 1 and 2, the
Rockland ash bed was likely concentrated in channels during a
flood event following the volcanic eruption. The Loleta ash bed is
identified in four boreholes in the northern region of the delta,
south of Hood, and occurs as Facies 3, representative of deposition
in overbank to floodplain environments from fluvial transport or
reworked air-fall deposits. The informally named dacitic ash of
Hood also occurs as thin Facies 3 deposits, but existing data does
not allow facies interpretation for the informally named ash of
Wildcat Grade.

Insights about tephra identification, correlation, and deposition pro-
vided by this study have implications for subsurface chronostragraphic
correlations in the Sacramento–San Joaquin Delta, linkages to drainage
basins and other regional deposits, and the utility of geotechnical bore-
hole data and transported tephra deposits. The four tephra documented
in this study give a broad, initial picture of depositional processes, vary-
ing sediment thicknesses, and accumulation rates within the Sacramen-
to–San Joaquin Delta through time. Basal contacts of these tephra can be
used as chronostratigraphic markers to correlate and constrain the ages
of buried sediment packages. Characteristics of tephra in CDWR bore-
holes, and facies characterization will help to locate tephra in future
boreholes intersecting geotechnically significant sediment packages
below the modern Sacramento–San Joaquin Delta and help to define
thickness variations in those packages. Insights provided by facies char-
acterization of tephra depositsmay be applicable to non-volcanic fluvial
deposits in the study area.

Additionally, the approach and results discussed here are relevant to
occurrences of tephra outside of the Sacramento–San Joaquin Delta.
Other basins and depositional environments throughout the Pacific
Northwest can now be linked to the delta's Pleistocene drainages and
chronostratigraphic packages, particularly in locations with Rockland
ash bed and Loleta ash bed deposits. In more distant global locations
near Quaternary volcanism, examination of existing geotechnical
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borehole data and new geotechnical sampling may reveal tephra layers
useful for complex subsurface chronostratigraphic correlations. Even
where tephra are reworked during fluvial transport, thick, concentrated
deposits resulting from rapid deposition such as a flood event can pro-
vide crucial information.
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