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Abstract
Inputs to the Hikurangi subduction zone, offshore North Island,

New Zealand, include volcaniclastic conglomerates that were de-
posited during the Late Cretaceous on the flanks of the subducting
basement of Hikurangi Plateau. The overlying succession of pelagic
carbonates is early Paleocene to early Pleistocene in age and ranges
in composition from calcareous mudstone to muddy chalk and
chalk. A thick wedge of Quaternary trench sediments occupies the
top of the stratigraphic succession. International Ocean Discovery
Program Expedition 375 cored those subduction inputs at two sites.
Site U1520 is located on the distal edge of the trench, and Site
U1526 is located near the crest of Tūranganui Knoll, where a highly
condensed section of pelagic-hemipelagic sediment covers the ba-
salt basement. This report provides the results of 128 X-ray diffrac-
tion analyses of the clay-sized fraction (<2 μm spherical settling
equivalent), where smectite + illite + undifferentiated (chlorite + ka-
olinite) + quartz = 100%. Clay minerals in the altered volcaniclastic
conglomerates and basalt consist almost exclusively of smectite. At
Site U1520, the normalized abundance of smectite in overlying bio-
calcareous sediments ranges from 28.3 to 72.9 wt% (mean = 54.2
wt%), whereas the abundance of illite ranges from 16.1 to 49.0 wt%
(mean = 32.0 wt%). The range for undifferentiated chlorite + kaolin-
ite is 0.3–17.8 wt% (mean = 7.4 wt%), and the range for clay-sized
quartz is 2.7–20.5 wt% (mean = 6.4 wt%). Upsection depletion of
smectite in those sediments is balanced by upsection enrichment of
illite. That same age-dependent trend is evident in coeval biocalcar-
eous drift sediments from Ocean Drilling Program Sites 1123
(North Chatham drift) and 1124 (Rekohu drift). Moving downsec-

tion at Site U1520, indicators of clay diagenesis are inconsistent.
Values of illite crystallinity index increase (i.e., peak broadening),
whereas the proportion of illite within illite/smectite mixed-layer
clays increases with depth.

Introduction
International Ocean Discovery Program (IODP) Expeditions

372 and 375 were designed to study the dynamics of slow-slip
events along the Hikurangi subduction interface (Saffer et al.,
2019). The Hikurangi margin formed as a result of subduction of
the Pacific plate beneath the overriding Australian plate. The IODP
transect is located offshore Poverty Bay, North Island (New Zea-
land) (Figure F1A). The downgoing lithosphere in that area is part
of a large igneous province known as the Hikurangi Plateau (Wood
and Davy, 1994; Davy et al., 2008; Timm et al., 2014). The coring
programs at IODP Sites U1520 and U1526 (Figure F1B, F1C) were
designed to groundtruth seismic reflection interpretations of the
subduction inputs (Davy et al., 2008; Saffer et al., 2017; Saffer et al.,
2019). The primary goal for sampling at Site U1520 (Figure F2A)
was to characterize the lithologies, structure, stratification, and ini-
tial frictional, geotechnical, and hydrogeological conditions in ma-
terials that are subsequently transported downdip along the
subduction interface into the source area for slow-slip events (Saffer
et al., 2017). The main goal for coring through the highly condensed
section at Site U1526 (Figure F2B) was to recover igneous basement
from the upper flanks of Tūranganui Knoll (Saffer et al., 2017), one
of several seamounts scattered across the Hikurangi Plateau (Davy
et al., 2008).
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M.B. Underwood Data report: clay mineral assemblages
Figure F1. A. Regional map of New Zealand and vicinity showing major pathways for transport of suspended sediment by turbidity currents and bottom cur-
rents. Red box = study area offshore Hawke’s Bay, North Island. DWBC = Deep Western Boundary Current, TVZ = Taupo Volcanic Zone. Sites 1122–1125 are from 
ODP Leg 181. B. Map of the transect area for Expedition 375 offshore Poverty Bay, North Island. Dashed black line = track line for seismic reflection profile 
crossing Sites U1520 and U1526. C. Seismic reflection profile crossing Sites U1520 (trench floor) and U1526 (Tūranganui Knoll). Interpretations are simplified 
from Saffer et al. (2017). Red lines within the accretionary prism = interpreted thrust faults.
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This data report summarizes the results of 128 X-ray diffraction 
(XRD) analyses of clay mineral assemblages in pelagic carbonate 
(biocalcareous) and volcaniclastic specimens from Sites U1520 and 
U1526. The principal objective is to demonstrate whether or not 
stratigraphic variations in sediment composition, especially clay 
mineral assemblages, might influence rock properties that modu-
late the dynamics of fault slip along the deeper plate interface (e.g., 
Rabinowitz et al., 2018; Boulton et al., 2019; Barnes et al., 2020). A 
secondary objective is to provide constraints on interpretations of 
detrital provenance and sediment dispersal, especially from the Late 
Cretaceous through early Pleistocene when the Hikurangi Plateau 
was slowly subsiding and moving into the subduction zone. Such 
compositional data often serve as proxies for regional-scale recon-
structions of paleoclimate, paleoceanography, and paleogeography 
(e.g., Petschick et al., 1996; Thiry, 2000; Gingele et al., 2001; Phillips 
et al., 2014). To facilitate assessments of age-dependent trends 
across the offshore New Zealand region, XRD results from Site 
U1520 can be combined with those from nearby Ocean Drilling 
Program (ODP) Sites 1123 and 1124. Those comparisons can be 
used to test for synchroneity of temporal trends. Collectively, the 
XRD data reported here also augment provisional, regional-scale 
documentation of clay composition, including other sites along the 
IODP transect (Underwood, 2020; Underwood, 2021; Underwood 
and Dugan, 2021).

Summary of lithostratigraphy
Site U1520

During Expedition 375, shipboard sedimentologists defined six 
lithostratigraphic units at Site U1520 by combining visual descrip-
tions of the split cores, smear slide analyses, digital color, magnetic 
susceptibility logs, and logging-while-drilling results (Barnes et al., 
2019). Units I–III comprise the Quaternary trench wedge (Figure 
F2), where common lithologies include fine sand to silt beds (in-
ferred turbidites), volcanic ash, and hemipelagic mud (i.e., silty clay 
to clayey silt with modest amounts of biogenic carbonate). Fossils in 
Units I–III range in age from early Pleistocene (1.62 Ma) at ~503 
meters below seafloor (mbsf) to Holocene at the seafloor (Barnes et 
al., 2019). The XRD results for the clay-sized fraction of sediments 
in those units are included in a separate data report (Underwood, 
2021).

Lithostratigraphic Unit IV (509.82–848.45 mbsf) is composed 
mostly of lithified pelagic carbonate sediments. Microfossils range 
in age from early Paleocene (64.81 Ma) to middle to early Pleisto-
cene (1.62 Ma) (Barnes et al., 2019). Contents of calcium carbonate 
vary considerably within this interval and show no clear depth-de-
pendent trend (Figure F3). The specific lithologies, based on car-
bonate content, range from calcareous mudstone to muddy chalk 
and chalk (i.e., lithified nannofossil ooze). The term “marl” is used 

Figure F3. Stratigraphic column for pelagic and volcaniclastic facies, Site U1520 (modified from Barnes et al., 2019). Fossil ages and contents of calcium carbon-
ate are from Barnes et al. (2019).
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here to cover the compositional span from 25 to 75 wt% carbonate. 
Recrystallization of calcareous nannofossils to microcrystalline cal-
cite (micrite) is more pronounced below ~600 mbsf (Barnes et al., 
2019). Scattered layers of matrix-supported conglomerate, contain-
ing both intraformational (carbonate) and extraformational (basal-
tic) clasts, were interpreted to be debris-flow deposits (Barnes et 
al., 2019). Layers of tuff (lithified volcanic ash) also appear locally. 
Two paraconformities were identified within the marl, one near the 
base of the Oligocene and the other in the Eocene; both hiatuses 
were relatively brief (Figure F3). The contact between Units III and 
IV was not recovered, but a pronounced unconformity separates 
Units IV and V (Barnes et al., 2019).

The lithology most characteristic of Unit V (848.45–1016.24 
mbsf) is granule-sized volcaniclastic conglomerate with well-
rounded to subrounded clasts of basalt (Figure F3); both clast-sup-
ported and matrix-supported varieties of conglomerate are com-
mon. Except near the unit’s base, these coarse-grained deposits are 
barren of fossils. The only distinctive change in lithology in Unit V 
occurs between 949.76 and 953.65 mbsf (Figure F3), where an inter-
val of marl with red laminae contains scattered basalt clasts. Micro-
fossils from the marl range in age from 84 to 66 Ma, and 
foraminifers near the base of Unit V yield early Late Cretaceous ages
(Barnes et al., 2019). The inferred transport mechanisms for the 
conglomerate are grain flow and debris flow (Barnes et al., 2019). 
The uniformity of both clast size and shape is unusual, but similar 
gravity-flow transport mechanisms have been inferred for deposits 
on the flanks of many other seamounts and volcanic islands around 
the world (e.g., Wright, 1996; Saint-Ange et al., 2013; Quartau et al., 
2018). Extensive abrasion of the basalt and efficient sorting of clasts 
are signs of vigorous mechanical weathering and staging of the sed-
iment in relatively shallow water prior to resedimentation as part of 
a debris fan (Barnes et al., 2019). Most intervals of the conglomer-
ate display pervasive alteration of the basaltic protolith to clay, 
whereas others are cemented by zeolite and/or calcite (Figure F3). 
Wood and Davy (1994) described samples from dredge-haul recov-
eries on the Hikurangi Plateau with comparable levels of basalt al-
teration to smectite.

Unit VI at Site U1520 (1016.24–1045.75 mbsf ) remains enig-
matic, and the unit boundary is indistinct. This unit contains an un-
usual assortment of lithologies: granule-sized volcaniclastic 
conglomerate, gray siltstone, white limestone, black (organic-rich) 
mudstone, and vesicular basalt (Figure F3). Microfossils from the 
sedimentary rocks are early Late Cretaceous in age (~90–102 Ma) 
(Barnes et al., 2019). Primary stratigraphic relations are unrecog-
nizable because of poor recovery and pervasive coring disturbance. 
Interpretations of depositional environment are speculative, but the 
high contents of organic carbon in black mudstone (up to 14.6 wt%) 
are indicative of localized anoxia. In addition, C/N ratios and data 
from source rock analyses reflect mixtures of marine and terrestrial 
(Types II and III) kerogen (Barnes et al., 2019). Studies of compara-
ble petroleum source rocks show that terrestrial organic matter can 
be transported to the outer shelf and upper slope (e.g., Naeher et al., 
2019), so kerogen type should be regarded as an inconclusive indi-
cator of paleowater depth.

Site U1526
Shipboard sedimentologists defined two lithostratigraphic units 

at Site U1526, which is positioned near the crest of Tūranganui 
Knoll (Figure F2A). The units were defined by incorporating visual 
descriptions of the split cores, smear slide observations, digital 
color, and magnetic susceptibility logs (Wallace et al., 2019b).

Lithostratigraphic Unit I (0–30.23 mbsf ) comprises a highly 
condensed section of hemipelagic to pelagic carbonate sediment. 
Contents of calcite decrease progressively upsection, from corre-
sponding lithologies of chalk at the unit’s base to clay-rich hemipe-
lagic mud at the top (Figure F4). Microfossil age ranges from Late 
Cretaceous to Quaternary (Wallace et al., 2019b). An unconfor-
mity at 28.7 mbsf coincides with an unusually long hiatus, and the 
unit’s base at 30.23 mbsf is marked by another unconformity with 
manganese concretions (Wallace et al., 2019b). The highly con-
densed section and occurrence of two unconformities are probably 
consequences of strong perturbations of seawater circulation 
around the crest of Tūranganui Knoll. Erosive physical processes, 
including tide-generated currents, seamount-trapped waves, sus-
tained bottom currents, and mesoscale eddies, have been docu-
mented above many other seamounts around the world (e.g., 
Turnewitsch et al., 2013; Chen et al., 2015; Read and Pollard, 2017; 
Pollard and Read, 2017).

Unit II at Site U1526 (30.23–81.39 mbsf ) contains two primary 
lithologies. The first consists of well-rounded, coarse-grained volca-
niclastic sand with abundant bivalve shells (Figure F4). The second 
is volcaniclastic conglomerate with well-rounded to subangular 
clasts of vesicular basalt. The unconsolidated sand was probably de-
posited in relatively shallow water when the crest of Tūranganui 
Knoll was close to or above sea level (Wallace et al., 2019b). Com-
pared to those at Site U1520, the basaltic conglomerate at U1526 is 
noticeably less altered and the clasts are far more heterogeneous in 
size and shape. Dimensions of the largest clasts appear to be in the 
range of boulders (1–2 m), and the variety of clast-matrix organiza-
tion is exclusively clast supported (Wallace et al., 2019b). Speci-

Figure F4. Stratigraphic column, Site U1526 (modified from Wallace et al., 
2019b). Relative abundance values for calcite were computed from bulk 
powder X-ray diffraction (XRD) data (Wallace et al., 2019b).
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mens of coraline algae recovered from sandy matrix between basalt 
clasts are Late Cretaceous in age and characteristic of water depths 
in the photic zone (Wallace et al., 2019b). Thus, Unit II at Site 
U1526 appears to represent the proximal (near-shore to subaerial) 
equivalents to the finer grained volcaniclastic conglomerates at Site 
U1520 (Unit V).

Site 1124
ODP Site 1124 is located ~600 km east of North Island, New 

Zealand, on a northeast–southwest trending ridge known as the Re-
kohu drift (Figure F1A). Water depth at the drill site is 3978 meters 
below sea level (mbsl). Multiple sources and transport pathways are 
likely for this accumulation of sediment (R.M. Carter et al., 2004). 
The most obvious route for prolonged sediment delivery is via a 
strong bottom current, known as the Deep Western Boundary Cur-
rent (DWBC), which flows north after circumventing the Chatham 
Rise (Figure F1A). The DWBC is thought to be the main physical 
agent responsible for molding the Rekohu contourite drift and sus-
taining suspensions of sediment in the nepheloid layer (Carter et al., 
1996; Carter and Wilkin, 1999). Bounty Channel, which is located 
far to the south of Site 1124 in the Bounty Trough (Figure F1A), has 
been responsible for injecting terrigenous clays into the upstream 
reaches of the DWBC (Hall et al., 2002; L. Carter et al., 2004); that 
route for resupplying the DWBC can be tracked farther upstream to 
terrigenous sources on South Island, New Zealand (Carter and 
Mitchell, 1987; Carter et al., 1996; Horn and Uenzelmann-Neben, 
2016). At times, a vigorous Antarctic Circumpolar Current also may 
have supplemented supplies of suspended sediment entering up-
stream parts of the circulation system (Hall et al., 2002). The con-
tourite drifts formed by DWBC activity in the Bounty Trough are as 
old as 16.7–20 Ma (Horn and Uenzelmann-Neben, 2015), and the 
oldest dated turbidites associated with Bounty Fan are 11–16 Ma in 
age (Shapiro et al., 2007; Marsaglia et al., 2011). Thus, from the early 

Miocene to Holocene, terrigenous sediment seems to have routed 
through the Bounty Trough by gravity flows, with persistent bot-
tom-current transport in the downstream direction around the 
Chatham Rise and toward the Rekohu drift.

A second likely source for sediment moving into the vicinity of 
Site 1124 is the Hikurangi Channel (Lewis, 1994; Lewis et al., 1998), 
which escapes the confines of the trench near Hawke’s Bay (Figure 
F1A) and meanders toward the north-northeast past the Rekohu 
drift (Carter et al., 1996; McCave and Carter, 1997; Carter and Mc-
Cave, 2002). Seismic reflection profiles show eastward onlap of the 
channel’s right-hand levee onto the drift sediments (Carter and Mc-
Cave, 1994, 2002; Shipboard Scientific Party, 1999b; Davy et al., 
2008). Mass accumulation rates at Site 1124 increased modestly at 
~1.6 Ma in response to enhanced terrigenous influx (Hall et al., 
2002; Joseph et al., 2004); funneling of turbidity currents through 
proximal stretches of the Hikurangi Channel probably intensified 
around the same time (Lewis, 1994; Lewis et al., 1998; Lewis and 
Pantin, 2002; R.M. Carter et al., 2004). Those interpretations re-
garding accelerated turbidite channel activity are consistent with 
the early Pleistocene ages reported at Site U1520 for the base of the 
present-day trench wedge (Barnes et al., 2019).

During ODP Leg 181, coring at Site 1124 penetrated ~473 m 
into the thick drift sediments, revealing a diverse stratigraphic suc-
cession that shipboard scientists divided into six lithologic units 
(Figure F5). The age span of the sediments is Late Cretaceous to 
Quaternary, and the integrated age-depth model is based largely on 
nannofossil datums and paleomagnetic interpretations (Shipboard 
Scientific Party, 1999b). The names of carbonate-rich lithologies 
have been adjusted on Figure F5 to conform to the classification 
scheme that was used during Expedition 375 (Wallace et al., 
2019a). Reconnaissance of these deposits by XRD analysis was de-
signed to test for potential synchroneity in detrital provenance and 
dispersal paths relative to Site U1520 (Figure F3).

Figure F5. Stratigraphic column, ODP Site 1124 (modified from Shipboard Scientific Party, 1999b). Age-depth model is based on paleomagnetic data (white 
crosses) and nannofossil datums (yellow dots) (Shipboard Scientific Party, 1999b; McGonigal and Di Stefano, 2002). Nomenclature for lithologies is based on 
quantification of calcium carbonate content and conforms to usage during Expedition 375 (Wallace et al., 2019a).
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Unit I at Site 1124 (0–302.5 mbsf ) consists of alternating layers 
of fine-grained carbonate ooze (calcareous mud to muddy nanno-
fossil ooze) and hemipelagic mud (silty clay to clayey silt) together 
with scattered layers of volcanic ash (Figure F5). In spite of the site’s 
proximity to the right-hand levee of Hikurangi Channel, turbidites 
are seemingly absent. The base of Unit I extends into the lower Mio-
cene (Shipboard Scientific Party, 1999b) and has an extrapolated age 
of ~21 Ma (Figure F5). Shipboard Scientific Party (1999b) inter-
preted carbonate-rich intervals in Unit I as interglacial deposits (i.e., 
highstands of sea level with enhanced biologic productivity), 
whereas the clay-rich hemipelagic intervals were regarded as gla-
cial-period deposits (lowstands of sea level with enhanced terrige-
nous influx). Three paraconformities with hiatuses of 1.5 to 5 My 
were recognized within the unit (Shipboard Scientific Party, 1999b; 
Joseph et al., 2004). Those periods of erosion or nondeposition were 
attributed to cycles of more intense bottom water formation around 
Antarctica, thereby strengthening the erosive capacity of the 
DWBC (Joseph et al., 2004).

Unit II (302.5–411.5 mbsf ) is more homogeneous in composi-
tion (biocalcareous-rich) than Unit I. The top of Unit II does not 
match with any noticeable changes in the rate of mass accumulation 
(Joseph et al., 2004). Instead, the Unit I/II boundary is represented 
by an indistinct shift from the mixed pelagic/hemipelagic facies 
above to marl (calcareous mudstone to muddy chalk) below (Ship-
board Scientific Party, 1999b). The base of Unit II has a maximum 
age of ~26 Ma (late Oligocene) and is marked by an unconformity 
(Shipboard Scientific Party, 1999b).

Stratigraphic relations below Unit II are messier than those 
above because of incomplete recovery, multiple unconformities, 
and discrepancies between fossil ages and paleomagnetic interpre-
tations. These older units are also comparatively thin and more di-
verse in composition (Figure F5). Unit III (411.5–419.3 mbsf) 
consists of white chalk and has nannofossil ages of 31–33 Ma (Ship-
board Scientific Party, 1999b; Boulton et al., 2019). Unit IV (419.3–
429.0 mbsf ) includes calcareous mudstone and a distinctive interval 
of brownish, clay-rich mudstone and has fossil ages of middle to late 
Eocene (35–38 Ma). Paleomagnetic data (Figure F5) reveal an un-
usually long hiatus (58–37 Ma) across the base of Unit IV; that unit 
boundary is correlative with a regional feature known as the Mar-
shall Paraconformity (Carter, 1985; Fulthorpe et al., 1996). The hia-
tus at Site 1124 was attributed to initiation of erosive DWBC inflow 
into the southwest Pacific (Carter and McCave, 1994; R.M. Carter et 
al., 2004). Unit V (429.0–467.4 mbsf), which is situated immediately 
below the paraconformity, is early Paleocene in age (58–64 Ma) and 
composed of muddy chalk and chalk (Shipboard Scientific Party, 
1999b; Boulton et al., 2019). Unit VI (467.4–473.1 mbsf) contains 
variegated mudstone and scattered chert lenses of Late Cretaceous 
age (Shipboard Scientific Party, 1999b). Drilling was terminated be-
fore reaching seismic-reflection intervals that were interpreted to 
be volcaniclastic deposits and/or basement rocks of the Hikurangi 
Plateau (Davy et al., 2008).

Site 1123
ODP Site 1123 is located on the northeastern slope of the Cha-

tham Rise within the North Chatham drift at a water depth of 3290 
mbsl (Figure F1A). The primary objective of drilling there was to 
document the onset and subsequent effects of DWBC circulation 
on drift sedimentation at an intermediate position along the trans-
port route between the Bounty Trough and the Rekohu drift (Ship-
board Scientific Party, 1999a). The North Chatham drift is a 
“plastered” type, forming an apron of contourites that extends from 

water depths of ~2000 to >4500 mbsl (Carter and McCave, 2002). 
The drift accumulation reaches a total thickness of ~600 m at Site 
1123, with ages spanning from the late Eocene to Quaternary (Fig-
ure F6). The present-day direction of DWBC transport along the 
north flank of Chatham Rise is west (Figure F1A), and the current 
speed there is slower than along the south flank of the rise (Carter 
and McCave, 1997; Carter and Wilkin, 1999). In addition to neph-
eloid-layer redistribution by the DWBC (Carter and McCave, 2002), 
sediment suspensions in the surface water and biological productiv-
ity above the North Chatham drift are modulated largely by the 
east-directed East Cape Current and the position of the Subtropical 
Convergence Zone (Carter et al., 2000; Nelson et al., 2000). Syn-
chroneity in pulses of terrigenous influx to Sites 1123 and 1124 can 
be recognized prior to ~1.6 Ma, but the North Chatham drift was 
evidently immune to the frequent turbidity currents that passed 
through the Hikurangi Channel toward the Rekohu drift (Hall et al., 
2002). Clay mineral assemblages from these two sets of deposits can 
be used to verify or refute interpretations of temporal changes in 
detrital provenance and dispersal pathways.

Four lithologic units were identified during Leg 181 in the cored 
interval at Site 1123 (Shipboard Scientific Party, 1999a). The names 
of carbonate-rich lithologies have been adjusted on Figure F6 to 
conform to the classification scheme that was used during IODP 
Expedition 375 (Wallace et al., 2019a). The age-depth model for 
this succession (Figure F6) is based largely on magnetostratigraphy 
(Shipboard Scientific Party, 1999a; Winkler and Dullo, 2002).

Most of the deposits assigned to Lithologic Unit I (0–256.6 
mbsf) fall within the bounds of classification for calcareous mud to 
muddy nannofossil ooze (Figure F6). Tephra (volcanic ash) layers 
are also scattered throughout Unit I. Fossil ages range from the late 
Miocene to Quaternary (Shipboard Scientific Party, 1999a). Varia-
tions in color and carbonate content in Unit I were attributed to cy-
clic glacial–interglacial oscillations and temporal variations in 
biopelagic productivity (Shipboard Scientific Party, 1999a; Hall et 
al., 2002; L. Carter et al., 2004). This unit, however, is consistently 
more enriched in biogenic carbonate than the coeval glacial/inter-
glacial deposits at Site 1124 (Figure F5).

The age range for Unit II (256.6–450.8 mbsf) is middle to late 
Miocene (Shipboard Scientific Party, 1999a). Lithologies assigned to 
this unit are also characterized by relatively high calcium carbonate 
content but show more uniformity, falling mostly within the classifi-
cation span for muddy chalk (Figure F6). This interval of cores, like 
those in Unit I, contains scattered layers of volcanic ash. In harmony 
with their lithologic similarities, sedimentation rates did not change 
appreciably across the Unit I/II boundary (Figure F6).

Unit III (450.8–587.2 mbsf ) is early to middle Miocene in age. 
This interval contains a fairly diverse mixture of calcareous mud-
stone and muddy chalk (Figure F6), but the upper boundary of the 
unit is indistinct. The interval from 453 to 550 mbsf (Figure F6) 
contains a chaotic assemblage of lithified chalk clasts in a matrix of 
contorted marl, interpreted to be a debris-flow deposit that origi-
nated from a more elevated position on the north slope of the Cha-
tham Rise (Shipboard Scientific Party, 1999a). The base of Unit III is 
a pronounced unconformity that correlates in time with the re-
gional Marshall Paraconformity (Carter, 1985; Fulthorpe et al., 
1996). The hiatus at Site 1123 (~12 My) was considerably shorter 
than the equivalent hiatus (~21 My) at Site 1124 (Shipboard Scien-
tific Party, 1999b). Immediately beneath the paraconformity, strata 
assigned to Unit IV (587.2–632.8 mbsf ) are late Eocene to early Oli-
gocene in age. Those predrift lithologies consist of marl and chalk 
(Figure F6).
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Methods
Samples

The working halves of split cores from Sites U1520 and U1526 
were used to obtain 112 specimens for XRD analyses. Most such 
samples were colocated in “clusters” immediately adjacent to whole-
round specimens. Some of those whole-round specimens were ana-
lyzed shipboard for interstitial water geochemistry (Barnes et al., 
2019), whereas others were collected for shore-based tests of hydro-
geological, frictional, and geotechnical properties (e.g., Jeppson and 
Kitajima, 2019). The “clusters” also included specimens for ship-
board measurements of moisture and density, carbon-carbonate, 
and bulk-powder XRD (Wallace et al., 2019a). Descriptions of the 
16 samples analyzed from Site 1124 are included in a separate data 
report (Underwood, 2020). The XRD sampling strategy for Site 
1123 was outlined by Winkler and Dullo (2002).

Sample preparation
Several steps are required to isolate the clay-sized fraction (<2 

μm) in sediments and sedimentary rocks for XRD analyses. The 
first step with lithified siliciclastic and volcaniclastic sediments is to 
gently crush air-dried fragments with a mortar and pestle. Splits of 
the coarse powder are then transferred to a 600 mL beaker with 2% 
hydrogen peroxide to initiate disaggregation and remove organic 
matter. Next, the disaggregated sediment is suspended in ~250 mL 
of Na hexametaphosphate solution (concentration of 4 g/1000 mL 
distilled H2O). Beakers with suspended sediment are inserted into 

an ultrasonic bath for several minutes to promote dispersion and re-
tard flocculation of the clays. Next, suspensions are washed of sol-
utes by two passes through a centrifuge (8000 revolutions per 
minute [rpm] for 20 min; ~6000 × g) with resuspension in distilled
deionized water after each pass. After that step, the suspensions are 
transferred to 125 mL plastic bottles and dispersed by vigorous 
shaking plus insertion of an ultrasonic cell probe for ~2.5 min. Clay-
sized splits (<2 μm equivalent spherical settling diameter) are sepa-
rated from the silt and sand by centrifugation (1000 rpm for 3.6 min; 
~320 × g).

Most of the biocalcareous deposits from Site U1520 (Litho-
stratigraphic Unit IV) and Site 1124 contain significant concentra-
tions of calcium carbonate that are high enough to impede 
quantitative XRD analyses of the clay minerals. Removal of the cal-
cite was accomplished by boiling crushed samples in a buffered 
solution of sodium acetate and acetic acid at a pH of ~5.0. The pro-
cedure summarized by Moore and Reynolds (1989b) was followed 
for the specimens of calcareous mudstone and muddy chalk (i.e., 
carbonate contents between 25 and 75 wt%). Specimens of nearly 
pure chalk (carbonate contents >75 wt%) were excluded from the 
XRD study. The acid-treated specimens were washed of residual 
chemicals and dissolved solutes before starting the sequence of 
steps outlined in the paragraph above. A similar approach was fol-
lowed by Winkler and Dullo (2002) for the carbonate-rich deposits 
at Site 1123.

Most of the Site U1526 specimens analyzed consist of volcanic 
rock (basalt) with modest amounts of clay, calcite, and zeolite alter-

Figure F6. Stratigraphic column, ODP Site 1123 (modified from Shipboard Scientific Party, 1999a). Age-depth model is based mostly on paleomagnetic data 
plus supplemental nannofossil datums (Shipboard Scientific Party, 1999a; Winkler and Dullo, 2002). Nomenclature for lithologies is based on quantification of 
calcium carbonate content and conforms to usage during Expedition 375 (Wallace et al., 2019a). MTD = mass transport deposit.
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ation. Powdering those specimens was accomplished onboard 
JOIDES Resolution using a puck mill for 1 min on freeze-dried 
splits, similar to the procedures for bulk-powder XRD (Wallace et 
al., 2019a). In some cases, milling introduced calcite cement, amor-
phous volcanic glass, and/or primary igneous minerals (e.g., pla-
gioclase) into the clay-sized fraction, thereby compromising the 
accuracy of mineral abundance computations. Accordingly, the 
XRD results for Site U1526 should be regarded as no better than 
semiquantitative.

Oriented clay aggregates for all varieties of specimens were pre-
pared following the filter-peel method (Moore and Reynolds, 
1989b) using 0.45 μm filter membranes and glass discs. This ap-
proach improves preferred orientation, which enhances the inten-
sity of basal reflections for the clays. To saturate the clay aggregates 
with ethylene glycol, clay-covered discs were placed in a closed va-
por chamber at room temperature for ~48 h. This last step expands 
the interlayer of smectite to ~17Å, which minimizes overlap be-
tween the peaks associated with smectite (001) and chlorite (001) 
reflections (Figure F7).

X-ray diffractometer settings
The oriented clay aggregates were analyzed at the New Mexico 

Bureau of Geology and Mineral Resources using a Panalytical X’Pert 
Pro diffractometer under the following parameters: generator set-
tings of 45 kV and 40 mA; angular range = 2°–28.0°2θ; scan step 
time = 1.6 s; step size = 0.01°2θ; sample holder = stationary; slits 
fixed at 0.5 mm (divergence) and 0.1 mm (receiving); specimen 
length = 10 mm. Raw data files were processed using MacDiff soft-
ware (version 4.2.5) to establish a baseline of intensity, smooth 
counts, correct peak positions offset by slight misalignments of the 
detector and sample holder (using the quartz 100 peak at 20.95°2θ), 
record peak intensities (counts/step), and compute integrated peak 
areas (total counts). Four representative diffractograms are shown 
in Figure F7 with identification of the diagnostic peaks for smectite, 
illite, undifferentiated (chlorite + kaolinite), and quartz. Subsidiary 
peaks associated with calcite and plagioclase are also identified.

Computations of mineral abundance
Computations of relative abundance for each of the common 

clay-sized minerals are based on values of integrated peak area us-
ing the smectite (001), illite (001), chlorite (002) + kaolinite (001), 
and quartz (100) reflections (Figure F7). As scrutinized in more de-
tail by Underwood et al. (2020), three computational approaches 
were utilized: 

• Biscaye (1965) peak-area weighting factors, which are equal to
1× smectite, 4× illite, and 2× undifferentiated (chlorite + kaolin-
ite);

• A set of regression equations that relate peak area to weight per-
cent, where smectite + illite + undifferentiated (chlorite + ka-
olinite) + quartz = 100%; and

• A matrix of singular value decomposition (SVD) normalization
factors (see Fisher and Underwood [1995] and Underwood et al. 
[2003] for a full description of the SVD approach), also where
smectite + illite + undifferentiated (chlorite + kaolinite) + quartz
= 100% (Table T1).

The method of Guo and Underwood (2011) was used to compute 
proportions of chlorite to kaolinite within that two-component 
mixture. One limitation of the Biscaye (1965) approach is that it 
does not account for clay-sized quartz, a component that can influ-
ence geotechnical and frictional properties. To permit reliable com-
parisons among the three sets of computational results, the weight 
percent values from SVD and regression were renormalized to a 
three-component, clay-only assemblage, where smectite + illite + 
undifferentiated (chlorite + kaolinite) = 100%. Comparisons among 
the clay minerals are probably most relevant for studies of detrital 
provenance and sediment dispersal.

When using either SVD factors or regression equations, the sum 
of the four main relative abundance values is sometimes less than 

Figure F7. Representative X-ray diffractograms from scans of oriented clay-sized specimens, Holes U1520C and U1526A. Diagnostic peaks for computation of 
weight percent are identified for smectite (001), illite (001), undifferentiated chlorite (002) + kaolinite (001), and quartz (100). Subsidiary peaks for smectite and 
quartz are also shown. The saddle:peak intensity ratio for smectite (001) was used to determine percent expandability (Rettke, 1981). The °2θ position of the 
illite (002)/smectite (003) peak and illite (001)/smectite (002) peak were used to determine %illite in the illite/smectite mixed-layer clay (Moore and Reynolds, 
1989a). Peaks for calcite (102) and plagioclase (P) are indicative of their introduction into the clay-sized fraction by milling.
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Table T1. Singular value decomposition (SVD) normalization factors and 
regression equations used for computations of weight percent in clay-sized 
mineral mixtures. Download table in CSV format.
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100%, and that outcome (i.e., suppression of peak intensity) is often 
caused by filter-peel transfers that are too thin (i.e., less than “in-
finite” thickness). Another contributing factor, however, might be 
inclusion of additional minerals or amorphous solids within the 
clay-sized fraction (e.g., feldspar, volcanic glass shards, biogenic sil-
ica, biogenic calcite, and calcite cement). In this study, weak peak 
intensities for the clay minerals can be blamed on incomplete acid
digestion of carbonate-rich specimens (Site U1520) and on milling 
the relatively fresh basaltic specimens (Site U1526). Under both sets 
of circumstances, the mineral assemblage used in standard mineral 
mixtures (Underwood et al., 2020) provides a poor match with 
those in natural clay-sized specimens. The four relative abundance 
values were normalized to 100%, but absolute accuracy remains 
compromised for such specimens.

As documented thoroughly by Underwood et al. (2020), errors 
of accuracy, as determined by XRD data from standard mineral 
mixtures, are largest (as high as ±18.6%) when the Biscaye (1965) 
weighting factors are used in computations. The average absolute 
errors of accuracy are smallest when regression equations are used 
for computations: illite = 3.0 wt%, undifferentiated (chlorite + ka-
olinite) = 5.1 wt%, and smectite = 3.9 wt%. Errors using SVD factors 
are slightly larger than those using regression equations (Under-
wood et al., 2020). Accordingly, all of the graphical plots in this re-
port and statistical comparisons among sites and lithostratigraphic 
units use data computed from the regression equations. Composi-
tional differences are not considered to be geologically significant 
unless those differences are greater than the errors of accuracy 
shown above.

In addition to their dubious accuracy, Biscaye-based computa-
tions systematically overestimate the proportion of undifferentiated 
(chlorite + kaolinite) and systematically underestimate the propor-
tion of illite in standard mineral mixtures (Underwood et al., 2020). 
These systematic shifts are obvious in the computed results for 
trench-floor facies at Sites U1518 and U1520 (Figure F8). Further-
more, Biscaye-computed estimates for %smectite tend to be system-
atically lower than regression-computed values at lower 
concentrations (<25 wt%) and systematically higher than regres-
sion-computed values at higher concentrations (>35 wt%). In spite 
of these drawbacks, Biscaye-computed values are tabulated in this 
report to permit direct comparisons with legacy data from previous 
XRD studies of Site 1123 (Winkler and Dullo, 2002). To improve 

statistical comparisons among sites, the Biscaye-computed esti-
mates of Winkler and Dullo (2002) were converted to regression-
equation equivalents using the equations shown in Figure F8.

For some XRD applications (e.g., interpretation of frictional be-
havior or geotechnical tests), it is useful to know the normalized 
weight percent for each variety of clay mineral (e.g., smectite) in the 
bulk sediment. To accomplish that, the normalized relative abun-
dance of total clay minerals, as obtained from shipboard bulk-pow-
der XRD (Barnes et al., 2019; Wallace et al., 2019b), was multiplied 
by the computed weight percent value for each specific clay mineral 
(e.g., smectite) in the clay-only assemblage. As an example, if the 
proportion of total clay minerals equals 43 wt% and the proportion 
of smectite among the clay minerals equals 52 wt%, then the esti-
mated amount of smectite in the bulk sediment equals 21.8 wt%. A 
key assumption here is that all of the clay minerals reside in the clay-
sized fraction, as defined by spherical equivalent (Stokes’) setting 
behavior.

Indicators of clay diagenesis
Given the burial depths of samples analyzed from Lithostrati-

graphic Units IV–VI at Site U1520 (510–1045 mbsf), together with 
the projected in situ temperature of ~40°C at the bottom of the 
cored interval (Barnes et al., 2019), diagenetic reactions involving 
common clay minerals are a remote possibility. The onset of smec-
tite-to-illite diagenesis, for example, is known to begin at ~58°C 
along the US Gulf Coast (e.g., Freed and Peacor, 1989). This com-
parison of thermal conditions assumes, of course, that the geother-
mal gradient at Site U1520 has not changed significantly over time. 
To test for signs of reaction progress, the saddle:peak intensity ratio 
(Figure F7) was used to compute the “expandability” of smectite 
plus whatever illite/smectite (I/S) mixed-layer clay might be in-
cluded in the assemblage (Rettke, 1981). This method is sensitive to 
the proportions of discrete illite versus I/S mixed-layer clay, so the 
curve for a 1:1 mixture of illite and (smectite + I/S) was chosen.

The second way to quantify smectite-to-illite reaction progress 
is by measuring the proportion of illite in the I/S mixed-layer clay. 
Under normal circumstances, computation of that proportion re-
quires an accurate visual pick of the angular position (°2θ) of the 
composite I(002)/S(003) peak after correcting the diffractogram for 
misalignment using the quartz (101) or quartz (100) peak (Figure 
F7). With progressive illitization, the (002)/(003) peak shifts sys-

Figure F8. Cross-plots of computed values of weight percent for common clay minerals (smectite, illite, undifferentiated chlorite + kaolinite) using regression 
equations (Table T1) versus Biscaye (1965) weighting factors. Plots include all results from IODP Site U1518 and Lithostratigraphic Units I–III from Site U1520 
(Underwood, 2021). r = correlation coefficient. Equations were used to convert Biscaye-computed values from ODP Site 1123 (Winkler and Dullo, 2002) to 
equivalents computed using regression equations.
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tematically to higher angles (Moore and Reynolds, 1989a). Determi-
nation of %illite is reliable, however, only when the intensity of the 
I/S peak is high enough to resolve a clear apex above background 
noise. For smectite-rich samples without detectable concentrations 
of quartz, correction of peak positions was not possible, so the com-
putation of %illite was based on angular separation (Δ°2θ) between 
the stronger I(002)/S(003) peak at ~15.9°2θ and the weaker 
I(001)/S(002) peak at ~10.2°2θ (Figure F7). With progressive illitiza-
tion, separation between the two I/S peaks increases (Moore and 
Reynolds, 1989a).

Illite crystallinity is another common XRD measure of diagene-
sis and incipient metamorphism in siliciclastic rocks (e.g., Kisch, 
1991; Ferreiro Mählmann and Frey, 2012; Warr and Ferreiro Mähl-
mann, 2015). The crystallinity index, otherwise known as the 
Kübler Index, is equal to peak width at half maximum (units = Δ°2θ) 
for the illite (001) peak (Figure F7). Those peaks narrow as the as-
semblage of illite plus illitic white mica becomes more crystalline 
with advanced burial diagenesis.

Results
Clay mineral assemblages at Site U1520

XRD measurements were completed on 92 specimens from the 
pelagic carbonate, volcaniclastic, and mixed-sediment units at Site 
U1520 (Table T2). The computed values of normalized weight per-
cent, using the three computational approaches (Biscaye, regres-
sion, and SVD), are listed in Table T3.

Smectite is generally the most abundant clay-sized mineral 
within Lithostratigraphic Unit IV, with proportions ranging from 
28.3 to 72.9 wt%; the mean value (μ) for smectite is 54.2 wt%, and 
the standard deviation (σ) is 11.4. Contents of illite range from 16.1 
to 49.0 wt% (μ = 32.0 wt%; σ = 9.0), and percentages of undifferenti-
ated chlorite + kaolinite range from 0.3 to 17.8 wt% (μ = 7.4 wt%; σ 
= 4.0). Close examination of the overlapping chlorite (004) and ka-
olinite (002) peaks shows that kaolinite is subordinate to chlorite 
and has an average abundance of only 1.2 wt%. The abundance of 
clay-sized quartz ranges from 2.7 to 20.5 wt% (μ = 6.4 wt%; σ = 2.8). 
Figure F9 shows the trends as a function of depth. Proportions of 
smectite decrease significantly upsection, balanced by large upsec-
tion increases in illite and smaller upsection increases in undifferen-
tiated chlorite + kaolinite. Quartz content remains consistently low 
throughout the unit. The abundance of total clay minerals (i.e., rela-
tive to quartz, feldspar, and calcite in the bulk sediment) changes 
considerably within the carbonates (Figure F10). Trends among the 
individual clay minerals also reveal upsection decreases in smectite 
that are balanced by upsection increases in illite (Figure F10). Mean 

Table T2. Results of X-ray diffraction for clay-sized, oriented aggregates of 
pelagic and volcaniclastic deposits from Site U1520, Lithostratigraphic Units 
IV–VI. Download table in CSV format.

Table T3. Computed values of mineral abundance for volcaniclastic and 
pelagic carbonate samples from Site U1520, Lithostratigraphic Units IV–VI. 
Download table in CSV format.

Figure F9. Simplified stratigraphic column for Lithostratigraphic Units IV–VI, Site U1520 (modified from Barnes et al., 2019). Normalized relative abundance 
values of minerals in the clay-sized fraction are shown. Weight percent values were computed using regression equations (Table T1). X-ray diffraction results 
are tabulated in Table T3. See Figure F3 for key to lithology symbols. Dashed lines on plots for smectite and illite are subjective and meant to highlight depth-
dependent trends.
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values for the clays are 58.0 wt% for smectite, 34.1 wt% for illite, and 
7.9 wt% for chlorite + kaolinite (Table T3).

Smectite is the overwhelmingly dominant variety of clay in Unit 
V and has an average proportion of 99.1 wt% and a standard devia-
tion of 2.7 (Table T3). Only one specimen of the heavily altered vol-
caniclastic conglomerate contains enough illite to rise above the 
XRD detection limits (Figure F9). Bulk-powder XRD data (Barnes 
et al., 2019) provide the best measure of the extent of basalt-to-clay 
alteration. Using the values of relative abundance (Figure F10) 
rather than weight percent normalized to 100% takes into account 
how peak intensities for the clays are modulated by incomplete re-
placement of volcanic glass, cementation by zeolites, and preserva-
tion of pyroxene as a primary igneous phase. The substantial scatter 
of such values in Unit V (Figure F10) is consistent with visual core 
descriptions and examination of thin sections (Barnes et al., 2019).

Clays in the mixed lithologies of Unit VI are also dominated by 
smectite, with a range of 79.7 to 97.9 wt% (Figure F9). The average 
content of smectite within Unit VI is 87.5 wt%, and the standard de-
viation is 8.2 (Table T3). Illite content ranges from 2.1 to 20.1 wt% 
(μ = 12.5 wt%; σ = 8.1). With one exception, contents of chlorite + 
kaolinite and quartz are below the XRD detection limits. The large 
scatter of XRD values within Unit VI (Figure F10) is consistent with 
the disorganized mixture of diverse lithologies (Barnes et al., 2019).

Indicators of clay diagenesis at Site U1520
In the pelagic carbonate deposits (Lithostratigraphic Unit IV) at 

Site U1520, values of crystallinity index for the detrital illite assem-
blage fall between 0.431Δ°2θ and 0.645Δ°2θ (Figure F11), with a 
mean of 0.528Δ°2θ and a standard deviation of 0.040 (Table T2). 
Samples from the underlying units of volcaniclastic and mixed sed-

iment do not contain enough illite to yield values of illite crystallin-
ity. According to the criteria of Warr and Ferreiro Mählmann 
(2015), the range of crystallinity values for Unit IV straddles the do-
mains of advanced diagenesis and anchimetamorphism (i.e., incipi-
ent greenschist facies). Given the projected geothermal gradient at 
Site U1520 (Barnes et al., 2019), these results should be viewed as 
indicators of geologic conditions within detrital source terranes 
(e.g., Warr and Cox, 2016) rather than in situ conditions of ad-
vanced diagenesis or incipient metamorphism. In further support of 
that contention, the depth-dependent trend at Site U1520 shows 
downsection increases in the crystallinity index (i.e., broadening of 
the illite peak) (Figure F11). Trends created by in situ burial diagen-
esis should display decreases in the crystallinity index (narrowing of 
the illite peak) as burial temperature increases.

In Unit IV, the expandability of smectite and smectite-rich I/S 
mixed-layer clay ranges from 58% to 98% with a mean value of 75% 
and a standard deviation of 10 (Table T2). For generic reference, 
lower values (less expandability) are consistent with higher propor-
tions of detrital I/S mixed-layer clay in the assemblage, whereas 
higher values are indicative of more discrete smectite from altered 
volcanic sources. A crude stratigraphic trend is defined by down-
section increases in expandability (Figure F11), which is the oppo-
site of the trend expected with burial diagenesis. Specimens from 
Units V and VI yield similar values, ranging from 48% to 100% with 
a mean of 75% and a standard deviation of 11 (Table T2).

In the pelagic carbonate faces, proportions of illite within the I/S 
mixed-layer phase range from 1% to 26% with no obvious depth-de-
pendent trend (Table T2). The single-peak and two-peak methods 
yield similar values (Figure F11). That range is comparable to what 
was documented in Quaternary trench-wedge deposits (Under-

Figure F10. Simplified stratigraphic column for Lithostratigraphic Units IV–VI, Site U1520 (modified from Barnes et al., 2019). Normalized relative abundance 
values among the clay minerals are shown (Table T3). Weight percent values were computed using regression equations (Table T1). Values of total clay miner-
als in bulk sediment are from shipboard measurements of bulk powders (Barnes et al., 2019). See Figure F3 for key to lithology symbols.
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wood, 2021). In contrast, computed values for Units V and VI are 
based solely on the two-peak method; they range from 11% to 50% 
with a mean of 31% and a standard deviation of 9 (Table T2). Over-
all, the clays recovered from altered volcaniclastic conglomerates 
contain notably higher proportions of illite in the I/S phase than the 
detrital I/S clays in overlying carbonates (Figure F11).

Clay mineral assemblages at Site U1526
A total of 20 clay-sized specimens from Site U1526 were ana-

lyzed by XRD. The results are tabulated in Table T4, and the com-
puted values of normalized weight percent for the clay minerals are 
listed in Table T5. Subsidiary calcite is common in the clay-sized 
fraction in Lithostratigraphic Unit I, and plagioclase is common in 
Unit II; incorporation of those minerals into the clay-sized fraction 
can be attributed to milling of the bulk pelagic sediment and volca-
nic rock (see Methods). Because of the mismatches between the 
natural mineral assemblages and those in standard mineral mix-
tures (Underwood et al., 2020), the accuracy of such semiquantita-
tive estimates remains questionable.

Data from the three specimens of sediment from Unit I are in-
sufficient to establish a stratigraphic trend. Smectite is the most 
abundant clay mineral, ranging from 46.7 to 84.3 wt%, whereas val-
ues for illite range from 8 to 40.5 wt%. The abundance of undifferen-
tiated chlorite + kaolinite ranges from 5.1 to 7.8 wt%, and quartz 
ranges from undetectable to 11.4 wt%. One specimen from Unit II 
(interval 375-U1526-5R-1, 130 cm) contains both smectite (66.6 
wt%) and chlorite (33.4 wt%). Clays from all of the other volcanic 
specimens consist exclusively of smectite (Table T5). Values of ex-

pandability for the smectite range from 47% to 97% (Table T4). Only 
five specimens of basalt yielded I/S peaks with intensities high 
enough to resolve. For those specimens, the computed proportion 
of illite in the I/S ranges from 25% to 33% (Table T4).

Clay mineral assemblages at Site 1124
A total of 16 samples were selected from Site 1124 for XRD mea-

surements of the clay-sized fraction (Table T6). The computed val-
ues of normalized weight percent, using the three computational 
approaches, are listed in Table T7. The normalized abundance of 
smectite ranges from 32.3 to 82.2 wt% (μ = 53.1 wt%; σ = 15.8). 

Figure F11. Stratigraphic distribution of values of expandability for smectite + illite/smectite (I/S) mixed-layer clay (following saddle:peak method of Rettke, 
1981), %illite in I/S mixed layer clay (following single peak-position and double peak-position methods of Moore and Reynolds, 1989a), and illite crystallinity 
(Kübler) index, Site U1520, Lithostratigraphic Units IV–VI. X-ray diffraction results are tabulated in Table T2. Boundaries between zones of diagenesis, 
anchimetamorphism, and epimetamorphism (from Warr and Ferreiro Mählmann, 2015) are meant only to provide a qualitative reference frame for geologic 
conditions in generic detrital source areas. See Figure F3 for key to lithology symbols.

Site U1520

IV

V

VI

III

Li
th

. u
ni

t

Lithology
20 40 60 80 100

Single peak

Two peaks

20 40 60 80 0.3 0.4 0.5 0.6 0.7

Zo
ne

 o
f d

ia
ge

ne
si

s

Zo
ne

 o
f

an
ch

im
et

am
or

ph
is

m

Zo
ne

 o
f e

pi
m

et
am

or
ph

is
m

Expandability of smectite +
I/S mixed-layer clay (%)

Proportion of illite in
I/S mixed-layer clay (%) Illite crystallinity index (�°2�)

500

600

700

800

900

1000

D
ep

th
 (m

bs
f)

Late
Cretaceous

Paleocene

Eocene

Oligocene

Miocene

Pliocene

Quaternary

Age

Table T4. Results of X-ray diffraction for clay-sized, oriented aggregates of 
hemipelagic-pelagic sediments and volcaniclastic deposits from Site U1526. 
Download table in CSV format.

Table T5. Computed values of mineral abundance for hemipelagic-pelagic 
sediments and volcaniclastic samples from Site U1526. Download table in 
CSV format.

Table T6. Results of X-ray diffraction for clay-sized, oriented aggregates of 
hemipelagic and pelagic carbonate samples from ODP Site 1124. Down-
load table in CSV format.

Table T7. Computed values of mineral abundance for hemipelagic and 
pelagic carbonate samples from ODP Site 1124. Download table in CSV 
format.
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These values define a clear pattern of smectite depletion moving 
upsection (Figure F12). The high smectite content in clay-rich Cre-
taceous–Oligocene strata is consistent with the results of Boulton et 
al. (2019). The abundance of illite ranges from 11.5 to 48.4 wt% (μ = 
32.6 wt%; σ = 12.0) with a well-defined trend of concentrations in-
creasing upsection (Figure F12). Concentrations of undifferentiated 
chlorite + kaolinite also increase upsection and range from 0.1 to 
17.0 wt% (μ = 7.8 wt%; σ = 4.6). Values for clay-sized quartz range 
from 3.9 to 9.3 wt% (μ = 6.6 wt%; σ = 1.5). When the statistics are 
plotted on a ternary diagram as average percentages and standard 
deviations among the clay minerals, the results from Site 1124 
match closely with values for the coeval pelagic carbonates from 
Site U1520 (Figure F13). The mean values for Site 1124 are 56.9 wt% 
for smectite, 34.8 wt% for illite, and 8.3 wt% for chlorite + kaolinite 
(Table T7).

Clay mineral assemblages at Site 1123
Rigorous statistical comparisons between XRD results from 

Sites 1123 and 1124 are hampered by differences in sample prepara-
tion, instrument settings, and choices for weighting factors. Win-
kler and Dullo (2002) did not publish values of peak intensity or 
peak area, so their data were converted to normalized weight per-
cent values using the equations shown in Figure F8. The recalcu-
lated values for smectite (Figure F14) range from 16.2 to 89.2 wt% (μ 
= 51.1 wt%; σ = 14.8). Comparable recalculated values for illite 
range from 0 to 46.4 wt% (μ = 24.6 wt%; σ = 9.1), and the range for 
undifferentiated chlorite + kaolinite is 9.7 to 38.6 wt% (μ = 24.3 wt%; 
σ = 6.0). Stratigraphic trends for Site 1123 (Figure F14) mimic those 
documented for coeval carbonates from Sites U1520 (Figure F9) 
and 1124 (Figure F12). A notable upsection decrease in smectite 

abundance is balanced by substantial increases in illite and lesser in-
creases in chlorite + kaolinite (Figure F14). Relative to Sites U1520 
and 1124, however, the mean values for Site 1123 shift toward 
higher percentages of undifferentiated chlorite + kaolinite (Figure 
F13). Part of that compositional difference, which is independent of 
computation method, can be attributed to higher concentrations of 
kaolinite at Site 1123 (Winkler and Dullo, 2002).

Figure F12. Simplified stratigraphic column, ODP Site 1124 (modified from Shipboard Scientific Party, 1999a). Normalized relative abundance values among 
the clay minerals are shown (Table T5). Weight percent values were computed using regression equations (Table T1). Values of total clay minerals in bulk 
sediment are from measurements of bulk powders (Underwood, 2020). Dashed lines on plots for smectite and illite are subjective and meant to highlight 
depth-dependent trends. See Figure F3 for key to lithology symbols.
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Conclusions
The most significant discovery from this XRD investigation of 

the Hikurangi subduction inputs is the existence of a regionally ex-
tensive, age-dependent gradient in clay mineral assemblages within 
Paleocene to early Pleistocene biocalcareous deposits. The content 
of smectite in Lithostratigraphic Unit IV at Site U1520 (relative to 
illite, chlorite, kaolinite, and quartz) ranges from 28.3 to 72.9 wt%
and steadily decreases upsection. Counterbalancing those de-
creases, the content of illite ranges from 16.1 to 49.0 wt% and 
steadily increases upsection. The same temporal trends in clay min-
eralogy are evident in contourite deposits from ODP Sites 1123 
(North Chatham drift) and 1124 (Rekoku drift). In contrast to the 
compositional diversity of overlying pelagic deposits, clay minerals 
within altered volcaniclastic conglomerates on the Hikurangi Pla-
teau (Site U1520, Units V and VI) and Tūranganui Knoll (Site 
U1526, Unit II) are composed almost exclusively of smectite. Indi-
cations of clay diagenesis are inconclusive. Values of the illite crys-
tallinity index increase downsection at Site U1520 (i.e., broadening 
of the peak), whereas the proportion of illite increases in I/S mixed-
layer clays with greater depths of burial.
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