
P
os
te
d
on

27
D
ec

20
23

—
C
C
0
1.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
70
36
53
47
.7
85
3
35
93
/v

1
—

T
h
is

is
a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r-
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Seafloor Alteration Governed by Oceanic Crustal Age and Redox

Conditions: Insights from Machine Learning-based Elemental

Transfer Analyses

Satoshi Matsuno1, Masaoki Uno1, and Atsushi Okamoto1

1Tohoku University

December 27, 2023

Abstract

Newly formed oceanic crust interacts with penetrating seawater, resulting in the formation of secondary minerals. Sediment

cover can potentially change the redox conditions of underlying basaltic crusts, significantly affecting the types of secondary

minerals and element transfer during alteration. However, previous studies have not revealed the quantitative regional variation

and controlling factors of seafloor alteration using altered samples taken from different sites. We present a novel approach for

the quantitative analyses of element mobility related to seafloor alteration based on a regional dataset of altered basalt bulk

compositions and highlights the effects of the redox state and duration on alteration. The protolith reconstruction models

(PRMs), machine learning-based element mobility analyses, were applied to the compositional data of the basaltic crusts from

the South/Northwest Pacific region. The analyses revealed that altered basalts with older ages showed higher element mobility,

particularly characterized by an enrichment of Rb and K, which were associated by up to 100 times with the formation of

secondary minerals. In the oxidative settings of the South Pacific region, enrichment of Ba, U, and Pb and depletion of P were

observed in samples with intense alteration. In contrast, under reductive conditions in the Northwest Pacific region, alterations

associated with carbonate veins caused U enrichment. Our research suggests that sediment thickness is a key factor in the

redox conditions during alteration, which changes the characteristics of element transfer and secondary minerals. Additionally,

seafloor alteration likely persisted for at least 30 Myr, irrespective of whether the environment was oxidative or reductive.
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Key Points: 7 

● This study introduces a new approach for quantitatively analyzing element mobility in 8 
altered basaltic crusts using a regional dataset. 9 

● Findings indicated that older altered basalts had higher element mobility, with variances 10 
linked to the redox state of the environment. 11 

● Sediment thickness is a key determinant of redox condition during seafloor alteration and 12 
affects element transfer and mineral formation.   13 
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Abstract 14 

Newly formed oceanic crust interacts with penetrating seawater, resulting in the formation of 15 
secondary minerals. Sediment cover can potentially change the redox conditions of underlying 16 
basaltic crusts, significantly affecting the types of secondary minerals and element transfer 17 
during alteration. However, previous studies have not revealed the quantitative regional variation 18 
and controlling factors of seafloor alteration using altered samples taken from different sites. We 19 
present a novel approach for the quantitative analyses of element mobility related to seafloor 20 
alteration based on a regional dataset of altered basalt bulk compositions and highlights the 21 
effects of the redox state and duration on alteration. The protolith reconstruction models (PRMs), 22 
machine learning-based element mobility analyses, were applied to the compositional data of the 23 
basaltic crusts from the South/Northwest Pacific region. The analyses revealed that altered 24 
basalts with older ages showed higher element mobility, particularly characterized by an 25 
enrichment of Rb and K, which were associated by up to 100 times with the formation of 26 
secondary minerals. In the oxidative settings of the South Pacific region, enrichment of Ba, U, 27 
and Pb and depletion of P were observed in samples with intense alteration. In contrast, under 28 
reductive conditions in the Northwest Pacific region, alterations associated with carbonate veins 29 
caused U enrichment. Our research suggests that sediment thickness is a key factor in the redox 30 
conditions during alteration, which changes the characteristics of element transfer and secondary 31 
minerals. Additionally, seafloor alteration likely persisted for at least 30 Myr, irrespective of 32 
whether the environment was oxidative or reductive. 33 

Plain Language Summary 34 

When the oceanic crust is altered with seawater, it involves the formation of new minerals and 35 
the transfer of various elements over time. However, methodological limitations have made it 36 
challenging to distinguish the original compositional character from the alteration process, 37 
posing an obstacle to the quantitative analysis of regional variations and the controlling factors of 38 
alteration. To overcome this limitation, we employed new element mobility analyses using a 39 
machine learning approach and examined samples from different regions of the Pacific Ocean, 40 
each exhibiting distinct characteristics, such as sediment thickness and age. Our study discovered 41 
that the older the oceanic crust, the more pronounced the changes in elemental mobility. In 42 
addition, the elements that undergo mobility are influenced by the redox condition controlled by 43 
the sediment thickness on the oceanic crust, changing the formation of alteration minerals and 44 
specific element mobility. Our study is the first to quantitatively demonstrate the effects of crust 45 
ages, redox conditions, and sediment thickness on the element mobility, suggesting that these 46 
alterations in the ocean floor can persist for over 30 million years. This research enhances our 47 
understanding of the long-term evolution of Earth's oceanic crust and the composition of 48 
materials subducting into Earth's interior. 49 

 50 

1. Introduction 51 

The seafloor is the largest boundary between the lithosphere and surface environments of 52 
the Earth, and alterations in oceanic crusts and sediments significantly influence the chemical 53 
and physical properties of the crust and the chemical composition of seawater (Alt, 2004; 54 
Demicco et al., 2005; Edmond et al., 1979). In particular, seawater penetrates basaltic crusts at 55 
mid-ocean ridges to develop hydrothermal systems. Such hydrothermal systems alter the oceanic 56 
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crust to form secondary minerals such as clay minerals and carbonates, and the evolved hot 57 
fluids are ejected from hydrothermal vents such as black smokers (Hawkesworth et al., 1979; 58 
Von Damm, 1995). The altered oceanic crust and overlying sediments eventually subduct into 59 
the Earth’s interior; thus, the compositions of the subducting plate impact material recycling 60 
within the Earth’s interior (Hacker, 2008; Ishikawa & Nakamura, 1994; Katayama et al., 2023; 61 
Kelley et al., 2005), and seismic activities within the subduction zones (Fujie et al., 2018; Hacker 62 
et al., 2003). 63 

The alteration processes within the oceanic crust have been studied using several drilling 64 
projects such as the Ocean Drilling Program (ODP) and the Deep Sea Drilling Project (DSDP). 65 
Analyses of the drill cores clarified that the volcanic basement at the seafloor is extensively 66 
altered, and the extent of seafloor alteration is enhanced by rugged relief and lithological 67 
boundaries (e.g., sheet flow boundaries) and controlled by sediment blanket thickness (Alt, 2004; 68 
Alt & Teagle, 2003; Zhang & Smith-Duque, 2014). Several fluid sources for seafloor alteration 69 
have been considered: upwelling high-temperature fluid in off-axis hydrothermal circulation 70 
(Alt, 2004; Alt & Teagle, 2003; Laureijs et al., 2021; Shipboard Scientific Party, 2000), 71 
oxidizing seawater (Alt, 2004; Shipboard Scientific Party, 2011b, 2011c, 2011d; Zhang & Smith-72 
Duque, 2014), and reduced fluid evolved by restricted seawater circulation under the sediment 73 
blanket (Alt, 2004; Alt & Teagle, 2003). As a result of this alteration, characteristic secondary 74 
minerals are produced, such as celadonite, Fe-oxyhydroxide, saponite, pyrite, carbonate, and 75 
zeolites, which can depend on the fluid sources and temperature (Alt, 2004). However, many of 76 
these secondary minerals repeatedly form under various fluid and environmental conditions, 77 
making it challenging to quantitatively evaluate and characterize seafloor alterations based solely 78 
on mineralogical descriptions. 79 

The bulk compositions of oceanic crusts differ significantly from those of typical mid-80 
ocean ridge basalt (MORB) during seafloor alteration (Kelley et al., 2003). This, in turn, 81 
indicates that the summation of element transfer with seafloor alteration is recorded as the 82 
change in the bulk composition, such as the addition or removal from the protolith fresh basalt 83 
composition. For example, observations of core samples suggest that an increase in alkali 84 
element concentrations (such as Rb and Cs) correlates with the formation of secondary minerals 85 
(Alt, 2004). However, quantitative distinguishment the altered bulk composition from the 86 
protolith composition remains challenging; most bulk composition analyses of altered volcanic 87 
basements required qualitative interpretation (Alt et al., 1996; Bebout, 2007; Kelley et al., 2003; 88 
Staudigel et al., 1996; Zhang & Smith-Duque, 2014).  89 

Several previous studies on element transfer have defined the protolith composition from 90 
“fresh” volcanic glass (Kelley et al., 2003) or “fresh basalt” (Alt, 2004; Alt & Teagle, 2003; 91 
Zhang & Smith-Duque, 2014) determined from visual inspections. However, the number of 92 
unaltered samples per drilling site is limited, and it is not always clear whether the altered rocks 93 
at each site have the same protolith composition. In other words, for element transfer analyses, 94 
the protolith must be determined for individual samples, which presents a major obstacle in 95 
comparing various samples taken from different localities. 96 

Machine learning approaches have recently been applied in the field of geochemistry, 97 
especially for classification problems such as distinguishing tsunami deposits and basalt types 98 
(Kuwatani et al., 2014; Nakamura, 2023; Ueki et al., 2018). Additionally, some studies have 99 
formulated regression problems to quantify the protolith composition from altered sample 100 
compositions. The models learn the concentration correlations among various elements in a 101 
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certain dataset (i.e., a global basalt dataset) by adopting algorithms such as decision trees 102 
(Matsuno et al., 2022) and artificial neural networks (Trépanier et al., 2016). Machine-learning 103 
models are designed to input the concentrations of several immobile elements and output the 104 
concentrations of other elements. By applying this method to the altered basalt samples, we can 105 
determine the protolith composition for each altered sample. In particular, protolith 106 
reconstruction models (PRMs, (Matsuno et al., 2022)) succeeded in reconstructing the element 107 
transfer of a typical metabasalt sample; thus, the application of this method to a set of seafloor 108 
altered basalt samples is useful for quantifying regional-scale element transfer. 109 

In this study, we applied PRMs to altered basalts to drill core samples to clarify element 110 
transfer during the alteration of the oceanic crust. The bulk rock compositions of the depth-series 111 
drilling core samples were obtained from the Northwest Pacific region (Site 801) and South 112 
Pacific region (U1365, U1368), which have different ages and sediment thicknesses. We 113 
analyzed Rb, Ba, U, K, La, Ce, Pb, Sr, P, Nd, Y, Yb, and Lu and revealed significant amounts of 114 
element transfer at both sites, especially for Rb, K, Ba, U, Pb, Sr, and P. For samples from the 115 
South Pacific region, the results of element transfer analyses were compared with the 116 
occurrences of secondary minerals. Subsequently, the possible effects of environmental factors, 117 
such as age and sediment blanket, on the progress of alteration were discussed. 118 

 119 

2. Methods 120 

2.1 Protolith Reconstruction Models for Basalt 121 

The amount of element transfer was quantified by applying a machine learning-based 122 
approach, PRMs for metabasalt (Matsuno, 2023; Matsuno et al., 2022). The PRMs enabled us to 123 
quantify the composition of the protolith basalt (i.e., original, unaltered basalt) from the 124 
metabasalt composition and quantify the amount of element transfer. The machine learning 125 
models in the PRMs were constructed by learning a composition dataset of basalt taken from 126 
PetDB (https://search.earthchem.org/), and the adopted algorithm was a gradient boosting 127 
decision tree (LightGBM, (Ke et al., 2017)). Each PRM was designed to estimate the 128 
concentration of each output element in the basalt sample of interest using the concentrations of 129 
the input elements in the same sample. In practical applications, immobile elements within the 130 
altered/metamorphosed basalt composition serve as indicative of the protolith composition and 131 
are input into the PRMs. These PRMs, trained on a basalt dataset, then estimate the protolith 132 
composition for the output elements, enabling us to calculate the quantitative element transfer 133 
using the known compositions of the protolith and altered/metamorphosed basalt. Therefore, we 134 
can quantify the protolith basalt composition of each metabasalt by utilizing the concentrations 135 
of immobile elements in the metabasalt as input data for the PRMs. 136 

The accuracy of the PRM was assessed using the test basalt dataset, which yielded an 137 
average reproducibility ranging from 10% to 20% (Matsuno et al., 2022). By incorporating input 138 
elements such as Th, Nb, Zr, and Ti, which are typically immobile during seafloor alteration 139 
(Alt, 2004; Alt & Teagle, 2003; Kelley et al., 2003; Zhang & Smith-Duque, 2014), the 140 
coefficient of determination (R2) between the actual concentration and the estimated 141 
concentration ranges from 0.75 to 0.95. Specifically, the R2 value is 0.75-0.8 for Rb, K, Pb, Y, 142 
Yb, Lu, ~0.9 for Ba, U, and Sr, and greater than 0.95 for La, Ce, and Nd. This indicates that the 143 
estimation can be conducted with a high degree of reproducibility (Matsuno et al., 2022). 144 
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The PRMs were validated using a seafloor-altered basalt sample (Matsuno et al., 2022), 145 
where the protolith basalt composition was estimated by measuring the glass composition using 146 
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS (Kelley et al., 2003)). 147 
When applying the PRMs to the compositions of the altered basalt, the estimated compositions 148 
of the protolith basalt fell within the range of the glass composition variations. Therefore, PRM 149 
is a validated quantitative method for analyzing element mobility with sufficient accuracy, even 150 
in samples where a significant element transfer has occurred. 151 

In this study, we defined four input elements (Th, Nb, Zr, and Ti) and 13 output elements 152 
(Rb, Ba, U, K, La, Ce, Pb, Sr, P, Nd, Y, Yb, and Lu) for the PRMs. Notably, although the four 153 
input elements (Th, Nb, Zr, and Ti) are generally considered immobile during seafloor alteration, 154 
a previous study (Zhang & Smith-Duque, 2014) indicated that Th exhibits mobility. To check the 155 
rationality of the immobile elements, we scrutinized the multi-element variation diagrams for all 156 
samples and carefully checked for the absence of anomalies in the selected immobile elements. 157 
Additionally, we compared samples that were close in depth to ensure that there were no 158 
significant differences in the protolith compositions on the multi-element variation diagrams. 159 
Furthermore, we conducted a crosscheck by estimating the Th protolith composition using Nb, 160 
Zr, and Ti as immobile elements. In cases in which clear Th outliers were identified, the data for 161 
these samples were discarded. This verification process confirmed that the newly defined 162 
elements remain immobile.  163 

Continuing, we quantified the element mobility according to the following formula: 164 

𝑀! =
"!
"#

#"!
$%$

   (1) 165 

where Mi represents the element mobility for each sample and CiMB and CiPL denote the 166 
concentrations of element i in the metabasalt sample and protolith, respectively ((Matsuno et al., 167 
2022), Supplementary).  168 

2.2 Compositional dataset of seafloor altered basalt 169 

For the element transfer analyses, we selected data on the bulk rock compositions of 170 
seafloor-altered basalt samples derived from the South Pacific and Northwestern Pacific regions, 171 
courtesy of PetDB (https://search.earthchem.org/). Drilling samples from the aforementioned 172 
regions are vast. However, our analysis focused solely on specific site cores (Fig. 1): sites U1365 173 
and U1368 from the South Pacific (Shipboard Scientific Party, 2011b, 2011d, 2011a) and site 174 
801 from the Northwest Pacific (Shipboard Scientific Party, 1990, 2000). These sites and 175 
datasets were selected for this study because of their broad range of sampling in the depth 176 
direction (>50 m) and the use of ICP-MS for trace elements with sub-ppm concentrations. 177 
Consequently, we focused on the compositional data from the three drilling sites in terms of 178 
reliability and sufficiency. 179 

All the original papers in the dataset were carefully checked to guarantee the precision of 180 
the PetDB dataset. We also added the sampling depth for every sample by referring to the 181 
original papers. For the South Pacific samples, we compiled the amounts of secondary minerals 182 
in each sample as reported previously (Zhang & Smith-Duque, 2014). Moreover, the thickness of 183 
the sediment layer within each site was determined based on expedition reports, facilitating the 184 
calculation of the depth from the top of the basement for every individual core. In our study, all 185 
figures utilized “depth to the basement” as the depth index, obtained by subtracting the sediment 186 
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thickness from the total depth. Data on secondary minerals for the South Pacific region have 187 
missing values for 11 samples, while compilation of compositional and sampling depth data did 188 
not have any missing values. 189 

Some composition data were excluded from the dataset because of concerns that the 190 
elements defined as immobile may not actually be immobile, and because of doubts about 191 
measurement accuracy during sample testing. The compiled dataset was scrutinized for validity 192 
using multi-element variation and scatter plots. Anomalous samples were checked for sample 193 
descriptions and compositional data. Among the elemental groups, we paid special attention to 194 
the anomalous data for Th, Ti, and Nb. A previous study (Zhang & Smith-Duque, 2014) 195 
observed anomalies in the Th data. There is a group of samples from U1365 exhibiting advanced 196 
alteration, characterized as “Red Brown” and “Greenish Brown.” Some of these samples 197 
exhibited an obvious negative anomaly in Th in the multi-element variation diagram, and we 198 
applied the PRMs with the three input elements (Nb, Zr, and Ti). Some samples demonstrated Th 199 
leaching, including those with these specific alterations. We followed a similar procedure to 200 
examine samples from Site 801. Consequently, 11 samples (U1365: 7 samples, 801: 4 samples) 201 
were excluded from the analysis. A Ti anomaly was detected in a single sample from Site 801. 202 
This sample is described in shipboard records as containing abundant whitish clay. A Nb 203 
anomaly sample from Site 801 was confirmed by (Chen et al., 2019). The strong negative 204 
anomaly in the multi-element variation diagram might be attributed to the use of ICP-MS for Nb 205 
measurements, suggesting potential inaccuracies.  206 

In summary, 13 samples were excluded from our analyses (multi-element variation 207 
diagrams for the excluded samples are available in the Supplementary Material). We analyzed a 208 
dataset of 201 samples, including 92 samples from Site 801, 62 samples from U1368, and 48 209 
samples from U1365. 210 

 211 
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 212 

Figure 1. Location of drilling sites (Site 801, U1365, and U1368) and seafloor age map (Seton et 213 
al., 2020). 214 

 215 

3. Geological Setting 216 

Samples were collected from the South and Northwest Pacific regions (Fig. 1). These 217 
regions are suitable for understanding the alteration processes of seafloor basalt because they 218 
show contrasting sedimentation rates (Table 1). The average sedimentation ratio in the South 219 
Pacific is approximately 1 m/Myr, which ranks among the world’s lowest (D’Hondt et al., 2009). 220 
In contrast, the Northwest Pacific region, specifically at Site 801, had a maximum sedimentation 221 
rate of approximately 32 m/Myr as the maximum (Shipboard Scientific Party, 2000). 222 

Sediment thickness plays a pivotal role in controlling seawater flux through the sediment 223 
layer (Spinelli et al., 2004), thereby potentially influencing the chemical and hydrological 224 
environments within the basement systems. The relatively thin sediment layer in the South 225 
Pacific region results in oxidative conditions, as indicated by measurements of dissolved oxygen 226 
in the sediment layer (D’Hondt et al., 2015; Shipboard Scientific Party, 2011a, 2011c). In 227 
contrast, the thicker sediment layer in the Northwest Pacific region creates reductive conditions. 228 
A regional sample comparison focusing on different redox conditions offers insights into the 229 
alteration system depending on the redox condition. 230 
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 231 

Table 1. Average element mobility at drilling sites U1368 and U1365 in the South Pacific region 232 
and site 801 in the Northwest Pacific region. 233 

 234 
 Drilling Site Information 

 Area Latitude* Longitude* 
Age 
(Ma) 

Sediment  
thickness 

(m) 

Average  
sedimentation 

rate 
(m/m.y.) 

Spreading 
rates 

(mm/yr) 

Core 
length 

(m) 
Sample 
number 

Reference paper of Compositional 
Data 

U1368 South 27°55.00′S 123°09.65′W 13.4-13.6 13.6 1.01 80 - 160 106.6 62 Zhang&Smith-Duque 2014 

U1365 South 23°51.04′S  165°38.65′W 103.7±2.3 71 0.689 60 - 200 124.49 48 Zhang&Smith-Duque 2014 

Site 801 Northwest 18°38.54′N 156°21.59′E 167±5 - 192±6 462 2.77 160 935.7 92 Castillo et al. 1992, Hauff et al. 
2003, Kelley et al. 2003 

 * Describe the representative latitude and longitude here       

 235 

3.1 South Pacific region 236 

A comprehensive dataset for the composition of altered basalt was obtained from Sites 237 
U1365 and U1368 (Zhang et al., 2012, 2013; Zhang & Smith-Duque, 2014). The age of the 238 
basalt at U1365 has been reported to be 103.7±2.3 Ma, based on Re-Os dating (Zhang & Li, 239 
2016), whereas the age of the basalt at U1368 has been reported to be 13.4-13.6 Ma, determined 240 
by magnetic polarity chron 5ABn (Shipboard Scientific Party, 2011d). 241 

The regions where these two cores are located are well known for their low biogenic 242 
productivity and extreme oligotrophy, characterized by thin sediment layers (D’Hondt et al., 243 
2009). Consequently, marine organic matter, which serves as an energy source for microbes, has 244 
a limited presence in the sediment layers and results in low concentrations of microbes. 245 
Typically, oxygen penetrates the marine sediments only to a depth of a few millimeters to 246 
centimeters (Revsbech et al., 1980). However, in this region, the oxygen in the seawater is 247 
almost not consumed by microbes during the penetration process due to the low abundance of 248 
marine organic matter, which leads to oxygen penetrating all the way to the seafloor throughout 249 
the depth profile of sediment layers (>50 μM) despite the presence of microbes (D’Hondt et al., 250 
2015; Morono et al., 2020; Shipboard Scientific Party, 2011a). In addition, Fe-rich smectite is 251 
covered with microbes sustained by aerobic heterotrophy and methanotrophy (Suzuki et al., 252 
2020). These characteristics of the South Pacific region indicate that the basalt samples taken 253 
from this area underwent alteration under oxidative conditions facilitated by the continuous 254 
inflow of seawater. 255 

3.1.1 U1365 256 

The U1365 basement originates from the Osbourn Trough located 250 km south of the 257 
sampling site. The Osbourn Trough is a fossil spreading center that was active during the 258 
Cretaceous period. The spreading rates of the Cretaceous Osbourn Trough were relatively fast, 259 
and ranged from 60 to 200 mm/yr (Billen & Stock, 2000; Lonsdale, 1997; Zhang et al., 2012); 260 
for the U1365 basement, the spreading rate is considered to be 140 mm/yr (Zhang et al., 2012). 261 
The protolith composition of the U1365 altered basalt is considered to range from N-MORB to 262 
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D-MORB, a variation derived from mantle-melting processes (Worthington et al., 2006; Zhang 263 
et al., 2012). 264 

The sediment thickness at U1365 is 71 m, with an average sedimentation rate that is 265 
remarkably low at approximately 0.71 m/Myr (Shipboard Scientific Party, 2011b). The area 266 
displays a smooth relief ranging from 150 to 200 m, and U1365 is situated at a height lower than 267 
its surroundings. 268 

Breccia fragments were rarely observed in U1365 and were recovered from two depths 269 
(Zhang & Smith-Duque, 2014). One sample was collected at a 23 m subbasement (msb) depth 270 
and was composed of mixed breccia containing basaltic and glassy clasts. The other sample was 271 
at a depth of 36 msb and was composed of basaltic breccia with calcium carbonate and 272 
hyaloclastite cement. 273 

3.1.2 U1368 274 

The U1368 basement originates from the Pacific-Farallon Ridge, located 300 km west of 275 
the sampling site. The spreading rates of the Pacific-Farallon Ridge ranged from ~80–85 to 160 276 
mm/yr based on the NUVEL-1 model (Argus & Gordon, 1991; Shipboard Scientific Party, 277 
2011d). The protolith composition of the U1365 altered basalt is considered to range from N-278 
MORB to E-MORB (Zhang et al., 2013). 279 

The sediment thickness at U1368 was 15 m, with a remarkably low average 280 
sedimentation rate of approximately 1.1 m/Myr. The area displays a smooth relief of less than 281 
100 m and U1368 is situated in a more depressed area than its surroundings. 282 

3.2 Northwest Pacific region: Site 801 283 

Although the Northwest Pacific region includes a collection of numerous core samples 284 
through projects such as the IODP and DSDP, thorough analyses of the bulk composition along 285 
the depth axis have only been conducted for Site 801. Therefore, this study used a dataset from 286 
Site 801 as representative of the Northwest Pacific region.  287 

Situated east of the Mariana Trench in the northwestern Pacific Ocean, Site 801 marks 288 
the initial drilling of the Jurassic Pacific Plate (Alt & Teagle, 2003; Shipboard Scientific Party, 289 
1990, 2000). The age of the basalt was initially estimated at 167-173Ma through 40Ar-39Ar 290 
dating (Koppers et al., 2003; Pringle, 1992); however, U-Pb dating of carbonate veins within 291 
altered basalt suggests a formation age predating 192±6 Ma million years (Kendrick et al., 2022). 292 
The spreading rate at the time of formation was estimated to be 160 mm/yr (Shipboard Scientific 293 
Party, 2000). The protolith composition includes predominantly N-MORB throughout most of 294 
the core, although alkalic basalt sills intruding over the uppermost 60.2 m exhibit OIB-like 295 
compositions (Chen et al., 2019; Kelley et al., 2003; Shipboard Scientific Party, 2000). 296 

The sediment thickness at Site 801 was 462 m. The sedimentation rate varies across units, 297 
particularly from an initial rate of 10–20 m/Myr to a later Tertiary rate of less than 1 m/Myr 298 
(Shipboard Scientific Party, 1990). A simple calculation indicates an average sedimentation rate 299 
of 2.40-2.76 m/Myr. The drilling site is located in a region with minimal topographical variation 300 
near the surface (within ±100 meters) and represents a slightly depressed area compared to its 301 
surroundings. 302 
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Lithological units were identified based on major changes in lithology and basalt 303 
mineralogy, with a significant proportion comprising subunits that include breccia. Among these 304 
units, one Breccia Unit is composed of basalt clasts at depths of 840–850 m (378-388 msb 305 
depth). This unit was interpreted to be related to tectonic activity and possible faults given its 306 
thickness of 5.0 m. 307 

A distinguishing feature of Site 801 is the presence of yellow hydrothermal deposits and 308 
limited oxidative alteration. The intensely altered samples were recovered from depths of 521.7–309 
531.2 m (59.7–69.2 msb depth) and 625 m (163 msb depth). Hydrothermal deposits are formed 310 
through the interaction of Si-Fe-rich low-temperature (10–100°C) hydrothermal fluids from the 311 
deep MOR spreading axis with seawater (Alt & Teagle, 2003; Shipboard Scientific Party, 2000). 312 
The most altered basalts within the core are found above and below the hydrothermal deposits, 313 
undergoing 60–100% recrystallization, whose samples are enriched with K, Rb, Ba, etc. Site 801 314 
underwent minimal oxidative alteration compared to the other core samples, except for the 315 
hydrothermal deposit regions. The minimal oxidative alteration is attributed to the relatively flat 316 
terrain and high sedimentation rate, which restricts the influx of oxygen-containing seawater (Alt 317 
& Teagle, 2003). 318 

3.3 Site characteristic Summary 319 

The sites investigated in this study had spreading rates ranging from 60 to 200 mm/year, 320 
all originating from fast-spreading ridges (Table 1). Additionally, the altered basalt protolith 321 
exhibited some instances of OIB-like characteristics, but the majority was MORB. The 322 
distinctive features of each core manifest in the age of the basalt and the sedimentation rate 323 
(including sediment thickness). Through a meticulous comparison of these cores, an analysis of 324 
the alteration processes at the regional scale was conducted. 325 

4. Visualization of Unprocessed Metabasalt Data 326 

4.1 Compositional characteristics of the metabasalt 327 

First, we visualized all unprocessed compositional data for each geographical area, 328 
together with sample information compiled from prior studies (Kelley et al., 2003; Shipboard 329 
Scientific Party, 2000; Zhang et al., 2012, 2013; Zhang & Smith-Duque, 2014). 330 

Fig. 2 a, b illustrates the depth profile of Rb concentration. Rb, known to be relatively 331 
mobile with seafloor alteration (Alt, 2004; Alt & Teagle, 2003; Kelley et al., 2003; Zhang & 332 
Smith-Duque, 2014), exhibits wide variations in both regions independently from depth. 333 
Specifically, the Rb concentration remains relatively stable around 100 ppm for 801 above 60 334 
msb depth (Fig. 2a) and 10 ppm for U1368 above 5 msb depth (Fig. 2b), whereas variations exist 335 
at other depths ranging from 0.2 ppm to 100 ppm. The heterogeneity of Rb concentration can be 336 
described as the element transfer suffering seafloor alteration, but the effects of protolith 337 
heterogeneity cannot be excluded. 338 

In contrast, Nb and La, which are known to be relatively immobile with seafloor 339 
alteration, exhibited a relatively constant concentration at a constant depth for both regions, 340 
except for some anomalous samples (Fig. 2 c-f). Notably, the tops of U1368 (depth to basement 341 
< 5 m) and 801 (depth to basement < 50m) exhibit high concentrations of Nb and La (>10 ppm) 342 
because of the exclusive presence of OIB-like basalts in these areas (Fig. 3a, 3c; (Chen et al., 343 
2019; Kelley et al., 2003; Zhang et al., 2012, 2013)); in contrast, the other samples exhibited 344 
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MORB-like basalt (Fig. 3b, 3d). In the depth profile of U1365, variations in concentration 345 
occurred within specific depth intervals (23 and 36 msb depth), coinciding with the presence of 346 
breccia (Fig. 2c, 2e). In contrast, for the 801 and U1368 depth profiles, the concentrations 347 
remained relatively constant (Fig. 2 c-f). The characteristic concentration profiles of Nb and La 348 
suggest that the protolith composition can vary even among samples drilled from the same site. 349 

The contrasting depth profiles of relatively mobile and immobile elements highlights the 350 
necessity of distinguishing between the compositional information of the protolith and element 351 
transfer. The compositions of the altered basalt samples were the summation of the protolith 352 
composition and element transfer during the alteration process. Both the protolith and alteration 353 
may have variations, even within the same drilling site, and it is difficult to extract only the 354 
seafloor alteration process. 355 

Conventional approaches for quantifying alteration include the use of a specific index 356 
(i.e., Chemical Index of Alteration (CIA)) or elemental ratio (i.e., Ba/Th). The applications of 357 
conventional approaches to the metabasalt dataset are summarized in in the supplementary 358 
information (i.e., scatter plot using elemental ratio as index, CIA distribution, the Hughes 359 
diagram).   360 
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 361 

Figure 2. (a-f) Depth profile of the element concentration of the altered basalt in the South and 362 
Northwest Pacific regions. (a, b) Rb concentration, (c, d) Nb concentration, and (e, f) La 363 
concentration. For the profile of the South Pacific region, the dashed brown line indicates the 364 
presence of breccia in U1365. For the profile of the Northwest Pacific region, the red range 365 
highlights the presence of a hydrothermal deposit, and the light-blue range highlights the breccia 366 
unit. Depths of representative samples shown in Figure 3 are highlighted as the orange squares. 367 
Samples featured in Fig. 8 are denoted by diamond symbols in their original colors: Orange for 368 
U1365-7R-3-W0-2, dark gray for U1365-7R-1-W41-45, purple for 801C-028R-002/100-104, 369 
and dark green for 801C-040R-001/024-027.  370 
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 372 

Figure 3. (a-d) Examples of specific depth samples displayed in primitive-mantle normalized 373 
multi-element variation diagrams. The specific depth of each sample is represented in Fig. 2. 374 
Raw altered basalt compositions are shown as a dashed dark-blue lines. Protolith compositions 375 
obtained using PRMs are shown as an orange line. Diamonds indicate input data (Th, Nb, Zr, and 376 
Ti) of PRMs.  377 
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  378 

Figure 4. (a-c) Violin plots illustrate the frequency distribution of the estimated mobility for 379 
each element in (a) U1368 and (b) U1365, located in the South Pacific region, and (c) Site 801, 380 
located in the Northwest Pacific region. The width of the violin plots represents the kernel 381 
density estimate of the underlying distribution. The dots within each colored section denote 382 
individual data points, with the dark-blue range highlighting the reproducibility of PRMs. The 383 
average estimated mobilities for each element are denoted by diamond symbols. Additionally, 384 
the average estimated mobilities are written below each respective violin plot.  385 
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Table 2. Average element mobility at drilling sites U1368 and U1365 in the South Pacific region 386 
and site 801 in the Northwest Pacific region.  387 

 

 

 

Average Element Mobility  
(Altered comp. / Protolith Comp.) 

  
Sample 
number   Rb Ba U K La Ce Pb Sr P Nd Y Yb Lu 

U1368 62  8.0  1.4  1.2  2.9  1.2  1.2  1.5  1.2  1.1  1.2  0.9  1.1  1.1  

U1365 48  35.8  4.7  2.6  6.9  1.2  1.2  3.0  1.4  0.8  1.2  0.8  1.0  1.0  

Site 801 92   9.7  1.5  3.7  4.5  0.9  0.9  4.0  1.1  0.9  0.9  1.0  1.0  1.0  

 388 

 389 

5. Result 390 

5.1 Site Characteristic Summary 391 

Multi-element variation diagrams (Rb, Ba, Th, U, Nb, K, La, Ce, Pb, Sr, P, Nd, Zr, Ti, Y, 392 
Yb, and Lu) were employed as illustrative examples of PRMs, focusing on samples U1368F-2R-393 
2-W 13-17, U1368F-2R-2-108-110, 801-41R-002/074-079, and 801-46R-002/048-052 (Fig. 3 a-394 
d). Here, we showcase selected samples that represent relatively unaltered basalt with smooth 395 
element patterns normalized by the primitive-mantle composition (Sun & McDonough, 1989). 396 
With the exception of Rb, K, and Pb, which are relatively mobile during seafloor alteration (Alt 397 
& Teagle, 2003; Kelley et al., 2003; Zhang & Smith-Duque, 2014), the estimated protolith 398 
compositions of the PRMs closely resemble those observed in the altered rocks. 399 

Furthermore, in Fig. 3a (U1368F-2R-2-W 13-17) and 2i (801-41R-002/074-079), the 400 
protolith compositions display smooth patterns on primitive-mantle normalized multi-element 401 
variation diagrams, with elements exhibiting higher compatibility showing lower values, 402 
resembling the OIB composition. In contrast, in Fig. 3b (U1368F-2R-2-108-110) and 2j (801-403 
46R-002/048-052), the protolith compositions resemble N-MORB-like compositions, with 404 
elements of higher compatibility having higher values. These results indicated that the protolith 405 
composition varied within the same drilling site. 406 

Fig. 4 shows an overview of the estimated element mobilities in all sites. Across the 407 
South (Fig. 4a, b) and Northwest Pacific regions (Fig. 4c), the rages of individual element 408 
mobility show similar trends: Rb, Ba, U, K, and Pb were enriched, whereas P was depleted. The 409 
average estimated element mobility further confirmed the significant enrichment of Rb (8.0-410 
35.7), Ba (1.4-4.7), U (1.2-3.7), and Pb (1.5-4.0) in both regions (Table 2). Additionally, when 411 
comparing the older U1365 samples to the younger U1368 samples, it was evident that the older 412 
U1365 samples displayed greater element mobility. Sr distribution was enriched in U1365 and 413 
depleted at Site 801 (Table 2). In contrast, the violin plot for elements such as La, Ce, Nd, Y, Yb, 414 
and Lu, which fall within the PRM reproducibility range, did not exhibit obvious mobility (Table 415 
2, Fig. 4). 416 
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Based on the findings presented in Fig. 4 and Table 2, this study primarily focused on the 417 
element mobility of Rb, Ba, U, K, Pb, Sr, and P. Element transfer of  Rb, Ba, U, K and Pb in 418 
both the South and Northwest Pacific regions has been reported by previous studies (Kelley et 419 
al., 2003; Zhang & Smith-Duque, 2014). These elements were also identified as mobile based on 420 
qualitative observations (Fig. 4). In contrast, elements such as La, Ce, Nd, Y, Yb, and Lu have 421 
the potential to undergo mobility with seafloor alteration and/or volcanogenic massive sulfide 422 
(Grant et al., 2020), but our results do not indicate any significant element transfer (Fig. 4). 423 

5.1 South pacific region samples (U1365 and U1368) 424 

Fig. 5a shows the depth profile and frequency distribution of the mobility of each element 425 
in the South Pacific region. Overall, Rb, Ba, U, K, Pb, and Sr were enriched, whereas P was 426 
depleted. Additionally, the older U1365 samples exhibited greater variation in mobility than the 427 
younger U1368 samples; however, there was no discernible trend in the depth direction for all 428 
samples except for Ba, Sr, Pb, and P. Sr gradually decreased in element enrichment, except 429 
between the two breccia depths (23 and 36 msb). In contrast, Ba, Sr, Pb, and P exhibited 430 
elemental mobility around the two breccia (23-36 msb depth). 431 

The frequency distributions of the Rb, Ba, U, and K mobilities exhibited bimodal peaks 432 
(Fig. 5a). For Sr and Pb, bimodal peaks were only observed in the older U1365 samples, whereas 433 
for P, they were not distinct. Common to all the mentioned elements and sample sites was the 434 
presence of multimodal peaks, where one of the peaks was distributed at locations with no 435 
element mobility, whereas the other peak consistently exhibited higher element mobility in the 436 
older U1365 samples than in the U1368 samples. 437 

The relationship between the element mobilities varied depending on the element group 438 
(Fig. 6a). The mobility of Rb and K showed a nearly linear relationship with a positive 439 
correlation (R = 0.900; Fig. 6a), and the slopes of the linear correlations were similar among both 440 
the older U1365 and younger U1368 samples. The mobilities of Ba, U, Pb, Sr, and P had slight 441 
or limited correlations with K, especially the U1368 samples are almost immobile for Ba, U, Pb, 442 
Sr, and P (mobility < 3 times for most samples; Fig. 6a). There are two groups of mobile 443 
elements: strongly correlated elements (i.e., Rb and K) and less correlated elements (i.e., Ba, U, 444 
Pb, Sr, and P). In addition, these two elemental groups exhibit interesting relationships. When Rb 445 
and K were enriched more than 10 times, Ba, U, Pb, and P mobility increased during 446 
enrichment/depletion compared to other samples.  447 

5.2 Northwest pacific region samples (Site 801) 448 

Fig. 5b shows the depth profile and distribution of element mobility in the Northwest 449 
Pacific region. Overall, Rb, U, K, and Pb were enriched, whereas P was depleted at a specific 450 
depth, and Ba was rarely enriched (mobility < 3 times). The most significant difference from the 451 
South Pacific region is that there are discernible trends with depths for Pb and P. Pb enrichment 452 
occurs exclusively at certain depths, approximately 30 ± 20 m and 100 ± 25 m, with an 453 
enrichment of up to 10 times, and P depletion was observed only at a depth of approximately 100 454 
m. Ba enrichment was evident in samples shallower than 170 m, especially those enriched 455 
around 70 m depth, with a notable sample at around 70 m depth. In contrast, Sr depletion was 456 
confined to samples shallower than 70 m, with enrichment occurring at higher depths. For Rb, U, 457 
and K mobility, the uppermost part (~50 m) was characterized by a slightly lower amount of 458 
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enrichment/depletion than the deeper part, but enrichment was observed for widespread depth 459 
samples.  460 

The frequency distribution of Ba exhibited only a single peak (Fig. 5b). In contrast, the 461 
frequency distributions of the mobilities of Rb, U, K, Pb, Sr, and P exhibited bimodal peaks. One 462 
of the peaks in these distributions was located near the zero elemental mobility. 463 

The relationship between the element mobilities varied depending on the element group 464 
(Fig. 6b). The mobility trends between Rb and K were positively correlated (R=0.816; Fig. 6b). 465 
The mobilities of Ba, U, Pb, Sr, and P had slight or no correlation with K and Rb; in particular, U 466 
and Pb did not correlate at all (e.g., R=0.377 for U and K; R=0.180 for Pb and K; Fig. 6b), 467 
suggesting that the enrichment of these elements occurred independently. 468 

5.3 Comparison of element transfer between Northwest / South pacific region 469 

Fig. 7 shows the mobility plots of the representative element pairs between the South and 470 
Northwest Pacific regions. The Rb and K mobility trends showed remarkable similarities 471 
between the two regions, exhibiting a similar enrichment correlation. In contrast to the Rb and K 472 
mobility trends, Ba was rarely enriched (mobility < 3 times in most cases), except in one sample 473 
from the northwest region. The U and Pb mobilities for the Northwest Pacific region have trends 474 
independent of K, which are completely different from those of the South Pacific regions. 475 
Similarly, P mobility in the Northwest Pacific region showed independent depletion without K 476 
enrichment.  477 

The samples of U1365 (South pacific region) and 801 (Northwest pacific region) have 478 
experienced seafloor alteration for approximately 1.6–1.9 times the difference in years (Table 1). 479 
However, the maximum mobility values and distributions of each element did not differ 480 
significantly. In summary, no significant differences in elemental mobility were observed 481 
between samples with different durations of seafloor alteration.   482 
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 483 

Figure 5. Depth profiles of estimated element mobility and frequency distribution for each 484 
element in two regions: (a) South Pacific region and (b) Northwest Pacific region. The Y-axis 485 
represents the depth to the basement, calculated by subtracting the sediment thickness from the 486 
total depth. Individual data points are marked as yellow dots for U1368, brown for U1365, and 487 
sky blue for Site 801, with the dark-blue range highlighting the reproducibility of PRMs. 488 
Samples featured in Fig. 8 are denoted by diamond symbols in their original colors: Orange for 489 
U1365-7R-3-W0-2, dark gray for U1365-7R-1-W41-45, purple for 801C-028R-002/100-104, 490 
and dark green for 801C-040R-001/024-027.   491 
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 492 

Figure 6. Relationship of element mobility in two regions: (a) South Pacific region and (b) 493 
Northwest Pacific region. The figures display the mobility relationship of K versus Rb, Ba, U, 494 
Pb, Sr, P, and Pb versus P, with correlation coefficient (R). Individual data points are marked as 495 
yellow dots for U1368, brown for U1365, and sky blue for Site 801, with the dark-blue range 496 
highlighting the reproducibility of PRMs. Samples featured in Fig. 8 are denoted by diamond 497 
symbols in their original colors: Orange for U1365-7R-3-W0-2, dark gray for U1365-7R-1-W41-498 
45, purple for 801C-028R-002/100-104, and dark green for 801C-040R-001/024-027.   499 
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 500 

Figure 7. Relationship of element mobility in the South Pacific and Northwest Pacific regions. 501 
Figures display the mobility relationship of K versus Rb, Ba, U, Pb, Sr, P, and Pb versus P, with 502 
correlation coefficient (R). Individual data points are marked as yellow dots for U1368, brown 503 
for U1365, and sky blue for Site 801, with the dark-blue range highlighting the reproducibility of 504 
PRMs. Samples featured in Fig. 8 are denoted by diamond symbols in their original colors: 505 
Orange for U1365-7R-3-W0-2, dark gray for U1365-7R-1-W41-45, purple for 801C-028R-506 
002/100-104, and dark green for 801C-040R-001/024-027. 507 

6. Discussion 508 

6.1 Enrichment with secondary alteration minerals 509 

To understand the relationship between the types of alterations and the element transfer, 510 
we compared the estimated element mobilities of the PRMs with those of the secondary 511 
minerals. First, we compiled core image data from the Proceedings of the Integrated Ocean 512 
Drilling Program, Volumes 129 and 329. Note that core images are generally low resolution for 513 
each “distinct” sample location; we only mentioned obvious discolorations or veins when 514 
quoting the image data. Second, we compiled the mineral modes and quantitative element 515 
mobilities and comprehensively compared these values. 516 

6.1.1 South Pacific region 517 

6.1.1.1 Comparison with core images 518 

The samples that exhibited enrichment in elements such as Rb, Ba, U, K, and Pb also 519 
exhibited characteristic discoloration in the core images. In particular, the sample “U1365-7R-3-520 
W0-2” shows reddish brown discoloration in the core image (Fig. 8a) and white alteration 521 
minerals in the cores. The multi-element variation diagram of this sample showed significant 522 
enrichment in Rb, Ba, U, K, and Pb, with the Rb enrichment rate reaching up to 100 times (Fig. 523 
6a, 8a). A similar reddish-brown discoloration is a common feature of the samples that exhibit 524 
elemental enrichment or depletion of Rb, Ba, U, K, Pb, and P. 525 

U1365

U1368
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The samples that were only enriched in Pb and depleted in P differed significantly from 526 
those mentioned above. For example, the sample “U1365E-7R-1-W 41-45” is only enriched in 527 
Pb and slightly depleted in P (Fig. 6a), as shown in the multi-element variation diagram (Fig. 528 
8b). The core image of this sample shows no obvious discolorations.  529 

 530 

Figure 8. Examples of specific samples displayed in primitive-mantle normalized multi-element 531 
variation diagrams with core images. Raw altered basalt compositions are shown as a dashed 532 
dark-blue line. Protolith compositions obtained using PRMs are shown as a pink line. Diamonds 533 
indicate input data (Th, Nb, Zr, and Ti) of PRMs. (a) U1365-7R-3-W0-2, (b) U1365-7R-1-W41-534 
45, (c) 801C-028R-002/100-104, (d) 801C-040R-001/024-027. 535 

6.1.1.2 Comparison with reported secondary minerals 536 

The mineral assemblages of U1365 and U1368 were reported previously (Zhang & 537 
Smith-Duque, 2014), based on XRD analyses. For U1365, the identified minerals include 538 
celadonite, Fe-oxyhydroxides, saponite, calcium carbonate, quartz, and sulfides, whereas for 539 
U1368, the assemblage comprises saponite, Fe-oxyhydroxides, calcium carbonate, celadonite, 540 
zeolite, quartz, and rare sulfides. In addition, a previous study reported the quantities of 541 
secondary minerals in each sample using thin sections and petrographic microscopy (Zhang & 542 
Smith-Duque, 2014). We compiled the amounts of secondary minerals in each sample and 543 
determined their relationship with the elemental mobility of the PRMs. Note that the data on 544 
secondary minerals for the South Pacific region have missing values for 11 samples (U1365: 5 545 
samples, U1368: 6 samples). 546 

Fig. 9 presents the relation between element mobility and mineral mode (%) of “total 547 
secondary mineral,” including celadonite, saponite, Fe-oxides, carbonate, chalcedony, zeolite, 548 

(a)

(c)

(b)

(d)



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

and quartz. The variation in the total secondary minerals in the older U1365 samples was greater 549 
than that in the U1368 samples. The moderate correlation coefficients of Rb and K mobility with 550 
the total secondary minerals in these samples (R = ~0.4; Fig. 9) suggested a slight correlation 551 
between them. Additionally, when the secondary mineral content was particularly high (>10%), 552 
the U mobility increased up to 10 times. However, no clear correlations were observed among 553 
Ba, Pb, Sr, or P mobility. 554 

The relationship between mobility and the amount of secondary minerals suggests that 555 
Rb and K enrichment occurs concurrently with secondary mineral formation. Moreover, 556 
considering the comparison with core images, Ba, U, and Pb enrichment was driven when 557 
seafloor alteration was particularly advanced (Fig. 8a, 8b). 558 

In the South Pacific region, the Ba, P, and Pb mobilities of the older U1365 exhibited 559 
fluctuations in the depth profile, particularly around the breccia (23 and 36 msb depth; Fig. 5a). 560 
Similarly, in the Northwest Pacific region, which will be discussed later, Ba, P, and Pb mobility 561 
is limited to specific depths associated with hydrothermal deposits (59.7-69.2 and 163 msb 562 
depth; Fig. 5b). However, as seen in the samples in Fig. 8b, while Pb is enriched, no mobility in 563 
Ba and P is observed, indicating that these characteristics do not necessarily apply uniformly to 564 
all samples. Consequently, the characteristic behaviors of Ba, P, and Pb were likely related to 565 
local hydrothermal activity. 566 

In contrast, in U1365, Sr exhibited high enrichment between the two breccias (23 and 36 567 
msb depth; Fig. 5a). However, minimal enrichment was observed below the breccia and gradual 568 
Sr enrichment was observed above the two breccias. The most probable explanation on the depth 569 
trend of Sr is the interaction of basalt and seawater infiltrated in the vertical direction, as 570 
suggested by previous studies (Kawahata et al., 1987; Krolikowska-Ciaglo et al., 2005). In 571 
contrast, the U1368 samples did not exhibit gradual Sr mobility (Fig. 5a); thus, the factors 572 
controlling the differences between the two hole types are not clear. 573 

Altered samples from the South Pacific region with thin sediment layers indicate the 574 
following (Table 3 and Fig. 10). 575 

1. Enrichment of Rb and K occurred as secondary mineral formation progressed. 576 

2. Ba, U, and Pb enrichment occurred when Rb and K were particularly enriched and 577 
seafloor alteration was advanced. 578 

3. P depletion and Ba and Pb enrichment was associated with local hydrothermal activities. 579 

4. There was a possibility of gradual Sr enrichment related to inflowing seawater in the 580 
vertical direction (only observed in older U1365). 581 

We note that there is no clear correlation between the mobility and the amount of specific 582 
secondary minerals (see Supplementary Material for details). 583 

 584 
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 585 

Figure 9. Relationship of total secondary mineral (%) versus the mobility of Rb, Ba, K, U, Pb, 586 
Sr, and P in the South Pacific region, with correlation coefficient (R). Individual data points are 587 
marked as yellow dots for U1368, brown for U1365, with the dark-blue range highlighting the 588 
reproducibility of PRMs. Samples featured in Fig. 8 are denoted by diamond symbols in their 589 
original colors: Orange for U1365-7R-3-W0-2, dark gray for U1365-7R-1-W41-45, purple for 590 
801C-028R-002/100-104, and dark green for 801C-040R-001/024-027.  591 

 592 

 593 

Table 3. Comparison of drilling site information and observed alteration events at three sites: 594 
U1368 and U1365 in the South Pacific region, and Site 801 in the Northwest Pacific region. ○: 595 
Commonly experienced, △: Occasionally experienced, ×: Not experienced. 596 

 
Drilling Site Information  Alteration Events 

  Area 
Age 
(Ma) 

Sediment  
thickness 

(m) 
Sample 
number 

Redox 
Condition   

Secondary mineral 
formation progressed 

(+Rb, +K) 

Advanced oxidative 
seafloor alteration 

(+Ba, +U, +Pb) 

Hydrothermal 
activity 

(+Ba, Pb, -P) 

Calcite formation 
in reductive cond. 

(+U) 

U1368 South 13.4-13.6 13.6 62 Oxidative  ○ × ○ × 

U1365 South 103.7±2.3 71 48 Oxidative  ○ ○ ○ △ 

Site 801 Northwest 167±5 - 192±6 462 92 Reductive  ○ × ○ ○ 

 597 
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598 
Figure 10. Schematic illustrations of seafloor alteration systems based on redox conditions, 599 
using U1365 and Site 801 as examples. 600 

6.1.2 Northwest pacific region 601 

The enrichment of Rb and K was associated with the formation of secondary alteration 602 
minerals, as indicated by the nearly identical trends observed in the South Pacific region (Fig. 9). 603 
However, the relationship between the core images and element mobility remains unclear. 604 
Minerals hosting Rb and K, such as celadonite and dark clay (Alt, 2004), are dark-colored 605 
minerals, making them less visible in the overall dark- and low-resolution core images (e.g., Fig. 606 
8c and 8d). However, in Site 801 Proceedings, in addition to prominent calcite-saponite veins, 607 
dark halos consisting of dark clay were observed (Shipboard Scientific Party, 2000). This 608 
observation suggests that the enrichment of Rb and K was likely due to the formation of altered 609 
secondary minerals, similar to those in the South Pacific region. 610 

The enrichment of U is particularly noteworthy and correlates with the characteristic core 611 
images (Fig. 8c and 8d). In the samples with concentrated U, white veins were prominently 612 
observed in the core image. These rock veins have been reported to contain alteration minerals 613 
(dark clay, calcite, smectite, celadonite veins, siliceous cement, and cherty sediments) 614 
(Shipboard Scientific Party, 2000). In addition, the presence of calcite and clay minerals within 615 
these veins indicates a potential host mineral for U (Andersen et al., 2015; Farr et al., 2001; 616 
Kelley et al., 2003). This is consistent with the relationship between element mobility and core 617 
image established in this study. The enrichment of U, accompanied by white veins, at Site 801 618 
was observed at various depths but did not correlate with other elements (Fig. 6b ; i.e., alkali 619 
elements). This result is consistent with the findings of (Kelley et al., 2003). 620 

Element mobility of Ba, Pb, and P observed at specific depths is associated with the 621 
formation of hydrothermal deposits (59.7-69.2 and 163 msb depth; Fig. 5b). Hydrothermal 622 
deposits at 801 are thought to form through Si-Fe precipitation from deep subsurface fluids and 623 
low-temperature hydrothermal fluids mixing with seawater (Alt & Teagle, 2003; Shipboard 624 
Scientific Party, 2000). The addition of Pb occurred within a vertical range of approximately 30–625 
100 m in the hydrothermal deposit, whereas Ba enrichment and P depletion occurred in the lower 626 
part of the hydrothermal deposit beneath 69.2 msb depth (Fig. 5b). Core visual inspections 627 
indicate that above the hydrothermal deposit at a depth of 59.7–69.2 msb, there is a yellowish 628 
color due to Fe oxyhydroxides, whereas directly below, there is a greenish color due to smectite 629 
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(Shipboard Scientific Party, 1990). This color difference suggests the formation of secondary 630 
minerals. Thus, the alteration processes differ directly above and below hydrothermal deposits. P 631 
dissolution begins before the precipitation of Si-Fe, which leads to the formation of hydrothermal 632 
deposits, suggesting that Pb may have precipitated similarly during the formation of 633 
hydrothermal deposits. 634 

Although the relationship between Sr and alteration minerals remains unclear from core 635 
image observations (Fig. 8c and 8d), the Sr mobility profile indicates enrichment at depths 636 
greater than 70 msb depth below the seafloor and depletion at shallower depths (Fig. 5b). 637 
Samples shallower than 70 msb depth are believed to have intruded at a later stage (Chen et al., 638 
2019), suggesting that the alteration processes may started with different redox conditions and 639 
fluid inflows above and below the 70 msb boundary.  640 

The deeper regions below the 70 msb may have experienced additional enrichment of Sr 641 
owing to oxidative alterations resulting from reactions with seawater, similar to those observed 642 
in the South Pacific (Fig. 5a, U1365). Conversely, in shallower regions above 70 msb depth, a 643 
reddish-brown discoloration was observed in the uppermost few meters, suggesting oxidative 644 
conditions (Shipboard Scientific Party, 1990). However, Sr depletion in these regions is 645 
inconsistent with the South Pacific. The depletion of Sr may have occurred because of alterations 646 
under conditions different from those in the South Pacific region, and further details need to be 647 
determined through a detailed sample analysis. 648 

Based on these findings, the following processes, which are part of the South Pacific, 649 
occur in areas covered by a thick sediment layer (Table 3 and Fig. 10): 650 

1. Rb and K enrichment with secondary minerals due to seafloor alteration. 651 

2. At widespread depth, remarkable independent U enrichment in association with alteration 652 
mineral vein. 653 

3. Ba and Pb enrichment/P depletion at specific depths around hydrothermal deposit. 654 

4. Relationship between Sr enrichment/depletion and seafloor alteration remains unclear. 655 

 656 

6.2 Governing parameters of seafloor alteration: Age and Sedimentation thickness 657 

6.2.1 Age 658 

Our study revealed that element mobility, especially for Rb and K, can be enriched up to 659 
10-fold from the U1368 sample (13 Ma) to the U1365 sample (104 Ma) (Fig. 5). Greater Rb and 660 
K enrichment in the old oceanic crust was evident at Site 801 (162–192 Ma). 661 

This study revealed the continuous progression of seafloor alteration beyond 10 Myr 662 
since the onset of alteration, as indicated by the comparison of element mobility in regional 663 
samples (Fig. 6a), which is consistent with the dating of the mineral formation, such as 664 
celadonite for 0-20 Ma under low-temperature hydrothermal fluid at the spreading axis (Laureijs 665 
et al., 2021), and calcite veins for 0-30 Ma under reducing conditions (Coogan et al., 2016; 666 
Kendrick et al., 2022). Thus, the progression of seafloor alteration continued beyond 10 Myr 667 
driven by secondary mineral formation, as element mobility recorded in bulk compositions, 668 
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suggesting the significant role that “age” plays a role as a parameter governing alteration 669 
processes. 670 

Furthermore, the frequency distribution of element mobility (Fig. 4, 5) suggests the 671 
existence of a localized fluid pathway within the basaltic crust. If each alteration occurred with a 672 
single alteration event and does not record multiple alteration events, the mobility peaks would 673 
be similar between older U1365 and newer U1368. Additionally, if older U1365 had undergone 674 
multiple alteration events and fluid pathways were newly formed for each event, it should have 675 
formed a greater number of multimodal peaks. However, in the South Pacific samples, one of the 676 
peaks was distributed at locations with no element mobility, whereas the other peak consistently 677 
exhibited higher element mobility in the older samples (104 Ma) than in the younger samples (13 678 
Ma) (Fig. 5a). Similarly, for the Northwest samples, bimodal peaks were observed in the 679 
frequency distribution of the mobility (Fig. 5b). This result suggests the sporadic existence of 680 
locations where fluid pathways were repeatedly utilized and others where no alteration occurred, 681 
which is consistent with the observation of localized non-oxidative zones (Kurnosov et al., 682 
2008). Our findings from the frequency distribution of element mobility reinforce our 683 
considerations regarding the sporadic and repeatedly utilized fluid pathway. 684 

It is not yet clear when the ongoing seafloor alteration stopped after 10 Myr. Although 685 
U1365 and Site 801 exhibited comparable maximum enrichment levels (Fig. 7), their ages 686 
differed by nearly a factor of two, suggesting that the intense alteration at Site 801 may have 687 
already stopped. However, dating of carbonate veins at Site 801 implied that the alteration was 688 
still active beyond 30 Myr (Kendrick et al., 2022) and dating of other areas also exhibited 689 
continuous alteration beyond 100 Myr (Wang et al., 2023). Given that carbonate formation 690 
requires a restricted reducing condition covered by sediment layers (Alt, 2004), it is highly likely 691 
that U1365, which contains carbonate veins, exhibited a similar or longer duration of seafloor 692 
alteration than Site 801, lasting beyond 30 Myr. To obtain a more detailed understanding of the 693 
duration of seafloor alteration, it is essential to measure the comprehensive bulk composition of 694 
core samples (such as U1367 of ~33.5Ma located between U1365 and U1368) that fill the gap 695 
within that timeframe. 696 

6.2.2 Sediment thickness 697 

Another key finding of this study is the variation in the mode of mineral formation due to 698 
changes in alteration conditions, as reflected in the element mobility recorded in the bulk 699 
compositions (Fig. 10). Sediments accumulated on oceanic plates have the potential to reduce 700 
seawater inflow into the oceanic plates (Spinelli et al., 2004). As a result, seafloor alteration 701 
progresses in an oxidative environment with thin sediment layers, allowing continuous seawater 702 
influx, or in a reducing environment with thick sediment layers, limiting seawater penetration 703 
(Alt, 2004).  704 

In this study, Rb and K exhibited similar enrichment patterns (Fig. 7), indicating the 705 
continuous formation of secondary minerals, regardless of the oxidative or reducing 706 
environment. In oxidative environments, the enrichment of Rb and K was accompanied by the 707 
mobility of Ba, U, Pb, and P as interconnected processes, forming a reddish-brown discoloration 708 
and carbonate (Fig. 6a, 8a). The reddish-brown color signifies continuous alteration under 709 
oxidative conditions, whereas carbonate is believed to have formed in relatively reducing 710 
environments (Fig. 10). The presence of carbonate veins is rare in U1368, but is observed in 711 
U1365 (Shipboard Scientific Party, 2011b, 2011d), suggesting that as the sediment thickness 712 
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increases, even at low sedimentation rates, it creates a reducing environment conducive to 713 
carbonate vein formation (Fig. 10). 714 

In contrast, in reducing environments, most cores did not exhibit oxidative discoloration 715 
and formed carbonate veins with independent U enrichment (Fig. 8c and 8d). This is likely due 716 
to the high sedimentation rates and early-stage increases in sediment thickness, which prevented 717 
continuous oxidative alteration in the initial stages, resulting in the absence of oxidative 718 
discoloration (Fig. 10). Additionally, alterations under reducing conditions progressed, leading to 719 
the widespread formation of carbonate veins with U enrichment (Fig. 5b).  720 

6.3 Implications for global element mobility in seafloor alteration, and caution for almost 721 
immobile elements 722 

Based on the average element mobility data presented in Fig. 4 and Table 2, it is apparent 723 
that in oxidative environments, elements such as Rb, Ba, U, K, and Pb are significantly enriched, 724 
whereas in reductive environments, Rb, U, K, and Pb are enriched. Conversely, Sr and P did not 725 
display clear elemental mobilities on average. This suggests that oceanic-altered basalts, when 726 
serving as inputs to subduction zones, tend to undergo enrichment in Rb, K, U, Pb, and (or) Ba, 727 
on average. 728 

The results of this study are fundamentally consistent with those of previous qualitative 729 
analyses of elemental mobility. Previous studies have noted enrichment of Rb, Ba, U, K, and Pb 730 
with seafloor alteration (Bebout, 2007; Kelley et al., 2003; Zhang & Smith-Duque, 2014), which 731 
is consistent with our findings. However, while not apparent in the averages, we unexpectedly 732 
observe a significant depletion in element mobility for Sr and P (Fig. 4, 5). 733 

Notably, our study revealed that not all oceanic-altered basalts experience element 734 
mobility solely through alteration, and that there exists substantial variability in element 735 
mobility. This variability can be attributed to the heterogeneity of alterations along the fluid 736 
pathways. In essence, arguments based on the average may be susceptible to sampling bias, 737 
underscoring the importance of caution when utilizing the average elemental mobility values. 738 

In this study, we focused our analysis on the transport of Rb, Ba, U, K, Pb, Sr, and P. 739 
However, we did not determine whether the other elements were completely immobile. For 740 
example, there was a slight tendency toward Nd and La enrichment (see Supplementary 741 
Materials). However, because these results were almost within the range of reproducibility of the 742 
PRMs, this study was unable to clearly indicate the element transfer for these elements. 743 
Additionally, major element transfer was not addressed in this study, leaving room for further 744 
research and analysis. 745 

7. Conclusions 746 

In this study, we conducted a comprehensive analysis of seafloor-altered basalt samples 747 
collected from the South and Northwest Pacific, which exhibited differences in age and sediment 748 
thickness. To quantify element mobility from bulk composition, protolith reconstruction models 749 
(PRMs) was applied to compositional data. The elemental mobility was then compared with the 750 
core images and the amount of secondary minerals. Our study is the first to report the element 751 
mobility derived from a regional dataset as follows: 752 

 The common trends were Rb and K mobilities, which exhibited a similar 753 
enrichment correlation for both regions. Among the South Pacific samples, older U1365 samples 754 
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exhibited greater enrichment in Rb, Ba, U, K, Pb, and Sr and depletion in P than younger U1368 755 
samples. The amount of secondary minerals positively correlated with Rb and K, indicating their 756 
concurrent enrichment with secondary mineral formation. In extensively altered samples where 757 
Rb and K were particularly enriched by more than 10 times compared to the protoliths, 758 
significant element enrichment/depletion of Ba, U, Pb, and P occurred, with the progress of 759 
reddish-brown discoloration on the samples. These features of alteration and element transfer 760 
suggest the continuous penetration of oxidative seawater.  761 

For the Northwest Pacific samples, U, Pb, and P mobilities exhibited trends different 762 
from those of Rb and K mobilities. U enrichment was observed for widespread depth samples 763 
associated with carbonate veins, whereas Pb and P mobility were observed for a certain depth 764 
related to hydrothermal deposits.  765 

 Our study suggests that the remarkable differences in element mobility governed 766 
by seafloor age and sediment thickness are as follows: 767 

● A comparison of the older U1365 (104Ma), Site 801 (167-198Ma), and younger U1368 768 
(13Ma) quantitatively indicates the continuous progress of seafloor alteration beyond 10 769 
Myr since the onset of alteration. In addition, the mobility distributions of each element 770 
suggested that the fluid pathways were repeatedly utilized. The offset age of seafloor 771 
alteration could not be determined in our study; however, our mobility data and 772 
observations imply that it persisted for at least 30 Myr, irrespective of whether the 773 
environment was oxidative or reductive.  774 

● The oxidative or reductive alteration environment is affected by the sediment thickness, 775 
which controls the inflow of seawater into oceanic basalt. Under oxidative conditions 776 
with a thin sediment thickness, the advanced mobility of Ba, U, Pb, and P was 777 
accompanied by the enrichment of Rb and K with the formation of reddish-brown 778 
discoloration and carbonate. The reddish-brown color indicates continuous alteration 779 
under oxidative conditions. In contrast, in reducing environments, most cores did not 780 
exhibit oxidative discoloration and formed carbonate veins with independent U 781 
enrichment.  782 
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