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ABSTRACT 

Oceanic core complexes (OCC) provide the opportunity to collect and analyze a unique 

set of rocks from the lower crust and upper mantle, which have been exposed along the 

ocean floor and are associated with slow spreading ridges. Fluid circulation at these 

settings is believed to be directly associated with the low-angle detachment system and 

ongoing exhumation of deep crustal and mantle rock. The lithium isotopic analysis of 

IODP Drill Core provides a unique opportunity to better understand alteration profiles at 

OCCs and complex hydrothermal systems.  

Forty-eight bulk rock samples were analyzed for lithium concentration and isotopic ratios 

(δ7Li) from cores collected along the Mid-Atlantic Ridge (MAR), near the 15°20’N 

Transform. Lithologies analyzed include diabase, gabbro, olivine gabbro, troctolite, 

dunite, harzburgite, and multiple gabbroic veins, which are interpreted to be intruding 

into harzburgite, troctolite and gabbro. Four of the samples included veins intruding 

within host troctolitic rock, two veins are intruding into gabbroic host rock and one vein 

is intruding into harzburgite. For all host rock/vein pairs, lithium concentration was lower 

in the host rock than in the intruding vein. Lithium concentrations in mafic plutonic 

samples ranged from 0.30 ppm to 74.7 ppm while δ7Li ranged between +0.29‰ to 

+16.3‰. For ultramafic samples, lithium ranged between 1.01 ppm to 18.8 ppm and δ7Li 

ranged between -4.15‰ and +12.97‰. Thirty two samples were analyzed from the 

deepest hole, 1275D, with sample depths between 9.76 and 204.55 meters below seafloor 

(mbsf).  
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Closed-system mixing models were used to evaluate the water/rock ratios and 

temperatures at which the rocks were altered. The model assumes mixing of a rock and a 

fluid of different starting compositions and demonstrates that several mixing solutions 

can be derived. Modeling demonstrates that elevated water/rock ratios persist from the 

seafloor to depths of up to ~210 mbsf and alteration temperatures ranged between 50°C 

to 400°C. We infer that large volumes of fluid have migrated through and along the 

detachment fault based on modeling, lithological Li concentrations, δ7Li compositions, 

and features observed within the cored samples. 
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CHAPTER 1: INTRODUCTION 

Exposure of mantle-type rocks along slow-spreading mid-ocean ridge segments are of 

particular interest due to the interaction between these rocks and circulating fluids. 

Hydrothermal systems associated with ultramafic rocks have been found at various 

locations across these segments (Petersen et al., 2009, German et al., 2004). Furthermore, 

these exposures appear to be more abundant and widespread than previously thought 

(Smith et al., 2008, Mallows et al., 2011). Because of this, it is important to better 

understand the interactions of fluids and rocks at these sites and how they can be of 

potential use for gaining insight to global geochemical cycles and exchange between the 

hydrosphere and lithosphere. Structural detachments associated with the exposure of 

sections consisting of lower crust and upper mantle have been referred to as Oceanic 

Core Complexes (OCC) (Tucholke et al., 1998) (Figure 1).  

                     

 

 

 

 

 

 

 

Figure 1: Schematic figures depicting the typical structure of Oceanic Core Complexes, 
modified after Tucholke et al. (1998). a) through d) depict a profile view of the 
megamullion’s evolution. e) is a simple representation in map view. 
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Similar studies have associated the occurrence of these massifs within slow-spreading 

regimes, 20 – 55 mm/year (Dick et al., 2003), and they have been observed to occur in 

areas which have experienced periods of reduced magmatism (Tucholke et al., 1998, 

MacLeod et al., 2009). More specifically, their occurrence has been recorded along 

various segments of the Mid-Atlantic Ridge (MAR) (Tucholke et al., 1998, Fujiwara et 

al., 2003, Smith et al., 2008, MacLeod et al., 2009). These massifs vary in composition 

and are observed to include exposures of both mafic and ultramafic lithologies (Figure 2).  

 

Figure 2: A seismic study conducted by Canales et al. (2008), depicting the p-wave velocities 
through an oceanic core complex in order to determine their p-wave heterogeneity and inferred 
lithologies in the subsurface (red=peridotite and blue=gabbro).  
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The heterogeneity of these structures typically involves large mafic intrusions within 

larger ultramafic host regions, or country rock (Canales et al., 2008, McLeod et al., 2009, 

Petersen et al., 2009, McCaig et al., 2007). These plutonic intrusions may provide a 

source of heat which in turn may be a significant driver of hydrothermal systems found 

surrounding these structures (McCaig et al., 2007). One explanation for the occurrence of 

these massifs is believed to be the consequence of exhumation of upper most mantle 

along a low angle detachment fault during amagmatic episodes when extension is being 

accommodated by faulting as a dominant mechanism of spreading (MacLeod et al., 

2009). The profile of these structures is characterized by a distinct dome shape and by the 

spreading parallel corrugations which form along the surface during their evolution 

(Smith et al., 2008) (Figure 3). This is called “mullion” structure and the corrugations 

typically run along the entire length of the dome and appear to be a pre-exhumation 

feature, formed along the footwall from contact with the hanging wall as the mass is 

being exhumed (Tucholke et al., 1998, Smith et al., 2008). It is hypothesized to be a 

consequence of imprinting on the more ductile footwall by the more brittle hanging wall, 

similar to that of a continuous casting type process occurring during exhumation 

(Spencer, 1999). The amplitude and wavelength of these mullions can vary from structure 

to structure with amplitudes in the tens to hundreds of meters and wavelengths on the 

kilometer scale (Tucholke et al., 1998).  

An important component of these massifs is their association with hydrothermal systems, 

both near the ridge axis on the hanging wall block and at off-axis locations on the 

footwall of the OCC. 
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Figure 3: A more-recent three-dimensional view of oceanic core complex consisting of TOBI side 
scan image draped over a bathymetric grid. This OCC is located at approximately 13°19’N along 
the MAR taken during the James Cook cruise JC007 (March-April 2007). Image obtained 
courtesy of J. Casey (UH). 

 

Where identified, vents are believed to be circulating through both mafic and ultramafic 

lithologies on the core complex (Canales et al., 2008, McLeod et al., 2009, Petersen et 

al., 2009, McCaig et al., 2007- Figure 4).  

Of particular interest in this study, is the extent of alteration of primary mafic and 

ultramafic rock compositions and change in lithium isotopes and lithium abundances in 

altered rock samples from core sites surrounding these structures. Furthermore, 

understanding the interaction between circulating fluids and the host mafic and ultramafic 

rocks through modeling will provide further constraints on the alteration extent, 

Dome 

Active 

volcanic ridge 

Break away ridge at onset of 

exhumation 
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temperatures, and fluids required to yield analyzed results in this setting compared with 

well-documented sites from fast-spreading crust (Gao et al., 2012, Chan et al., 2002). 

 

Figure 4: From McCaig et al. (2007). Models for fluid circulation around detachment systems. 
Note that the intruding gabbroic bodies may provide a source of heat for continued circulation 
over time regardless of the proximity to the neo-volcanic zone. 

OCC areas may be important in identifying and understanding upper mantle alteration as 

well as the role of altered mantle on lithium isotope budgets and lithium concentrations. 

Due to its behavior, the lithium isotopic ratio provides a unique opportunity to better 

understand OCC alteration and how the lithium isotopic ratio behaves in complex 

hydrothermal settings. Forty-eight rock samples were analyzed for lithium concentration 

and isotopic ratios (δ7Li) from five drill cores between 14°30’N and 16°N along a section 
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of the Mid-Atlantic Ridge (MAR) from IODP Leg 209 of the Ocean Drilling Program in 

2003 (Kelemen et al., 2007). Lithium concentrations and 7Li/6Li ratios were evaluated 

during this study in order to gain better insights as to the behavior of the lithium isotopic 

ratios during fluid/rock interactions under various conditions associated with high to low 

temperature exhumation of these complexes, particularly mixing temperature and 

water/rock ratios. Isotopic ratios where compared to LSVEC based on the following 

relationship δ7Li = [(7Li /6Li sample)/( 7Li /6Li L-SVEC) -1] X 1000.  

1.1 GEOLOGIC BACKGROUND AND SCOPE OF WORK 

Core complexes may include both exhumed lower mafic crust and upper mantle 

consisting of exposed mafic and ultramafic lithologies, with ultramafic rocks generally 

being highly serpentinized. Their dome shape is attributed to the exhumation of the 

underlying material and subsequent isostatic equilibrium following serpentinization of 

peridotite during its interaction with circulating fluids (Smith et al., 2008). One particular 

area of interest in this research is the low-angle detachment fault associated with the 

massifs and its role in the alteration of host rocks by providing a pathway for circulating 

hydrothermal fluids. From studies conducted on the TAG detachment, low angle faults 

have been estimated to dip ~70° below the axis of the ridge and then believed to shallow 

to ~20° as they emerge at the sea floor (DeMartin et al., 2007). The detachment fault is 

thought to play a critical role in providing a pathway for circulating fluids that migrate 

and interact with the surrounding rocks (Petersen et al., 2009). In addition, the low-angle 

fault may enhance further alteration to the host rock by providing zones of cataclastic and 

hydrothermal alteration (Kelemen et al., 2004) and thus may cause unusual behavior of 
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the lithium isotopic ratios in the presence of higher water/rock ratios and high to low 

temperature retrograde effects during un-roofing of the OCC.  

Typical profiles at fast spreading ridges hinge around the Penrose Ophiolite Model which 

divides the underlying crust into distinct morphological units (Figure 5 a & b).  

 

Figure 5 a & b: Modified after Dick et al. (2006) in order to depict the a) Penrose Model (left) 
and b) a more probable representation of the heterogeneous subsurface at the location of this 
study (right). 

However, at slower spreading ridge detachment zones, the layered Penrose Model may 

not apply due to the compositional variance of the massifs created, which may or may not 

include a continuous layer of gabbroic composition (Layer 3, Figure 5b). More-recent 

developments in the study of these low-angle detachments come from proceedings of the 

ba
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“Chapman Conference of Detachments in Oceanic lithosphere, 2010” which provided an 

updated model for this modified mode of sea floor spreading (Figure 6).  

 

Figure 6: Chapman model of lithospheric accretion associated with oceanic detachment faulting. 
From Maffione, (2013), and based on proceedings from the Chapman Conference, (2010).  

 

1.2 TECTONIC SETTING 

The understanding of OCC structures come from past studies which have identified these 

massifs on the ocean floor and made assumptions and interpretations about their 

evolution, based on the behavior of continental core complexes (CCC) (Tucholke et al., 

1998).  The evolution of their oceanic counterparts have been profiled by various authors, 

including McLeod et al. (2009), who profiled the evolution of mega-mullions by 

analyzing three separate massifs at various stages of their life cycle (Figure 7).  
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Figure 7: Cartoon illustrating the proposed model for the life cycle of oceanic core complexes, 
modified after MacLeod et al. (2009). (a) Initial regime with typical ridge magmatism. (b) 
Magmatism is reduced. (c) Ridge extension is preferentially accommodated on the western flank 
and dome is exhumed. (d) Typical magmatism is resumed and ridge spreading continues. 

 

This life cycle implies a beginning and end to the exhumation as they move away from 

the Mid-Atlantic Ridge and magmatism is resumed at the location of the initial 

exhumation. Furthermore, the identification of various oceanic complexes across slow 

spreading ridges indicates that these reduced magmatic events within the subsurface are 

more prevalent and are not typically one-time events at the spreading centers where they 

form. 

1.3 PREVIOUS STUDIES 

1.3.1 15°20’ N AREA 

The region adjacent to the 15° 20’ N Transform  between 14° 30’ N and 16° N along the 

MAR, as outlined in Leg 209 of the Ocean Drilling Program, contains several previously 

OCC 
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identified OCCs (Fujiwara et al.,2003). The massifs are located on various flanks of the 

MAR and can be readily identified from bathymetric (Fujiwara et al., 2003) and side-

scan data (McLeod et al., 2009) as local highs. A bathymetric image of the studied OCCs 

is shown in Figure 8 and includes their location within a section of the Atlantic Ocean. 

Along with the proceedings from Leg 209, previous studies have included geochemical 

analysis and have provided interpretations as to the dynamics and structural evolution of 

OCCs (Tucholke et al., 1998, Fujiwara et al., 2003, Smith et al., 2008, MacLeod et al., 

2009). In 2003, Fujiwara et al. (2003), proposed models as to the development of 

multiple massifs found within the 15°20’ N area and presented two models, both of 

which included a reduced magmatic supply in order to form the structures. Additionally, 

Fujiwara et al. (2003) used multibeam bathymetry, magnetic, and gravity data and further 

proposed a model involving significant vertical heterogeneity. Subsequent models, 

including the Chapman 2010 model (Figure 6), support the vertical heterogeneity 

observed within the subsurface at 15° 20’ N (Leg 209, Kelemen et al., 2004 & 2007).  

Bach et al. (2004), evaluated seawater-peridotite interaction through a petrographic study 

of altered peridotites from the 15° 20’ N area and determined that peridotite-seawater 

interactions took place throughout a large range of temperatures and conditions and 

ranged from > 350°C at Sites 1270 and 1271 to < 250°C at Site 1274. Additionally, by 

analyzing major element composition of abyssal peridotites, Paulick et al. (2006) 

demonstrated that samples from Leg 209 resulted in geochemical variations that indicated 

the possibility of either water dominated or rock dominated interactions at various sites 

within the 15° 20’ N area. 
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If OCCs and low angle detachment systems are as prevalent within the ocean as has been 

suggested by Smith et al. (2008), then understanding the interactions between fluids and 

mantle type materials plays a bigger role in understanding the geochemical budget of 

hydrosphere/lithosphere exchanges and budgets. Early studies of OCCs focused on the 

transform boundaries along ocean ridge segments for identifying core complexes. 

However, Fujiwara et al. (2003), Smith et al. (2008) and McLeod et al. (2009) identified 

45 possible core complexes in the vicinity between 13°N and 15°N (Figure 9).  

McCaig et al. (2007) analyzed oxygen and strontium (Sr) isotopes as tracers for 

understanding fluid flow associated with oceanic detachment faults. Their study indicated 

that large amounts of fluids were focused along the low-angle detachment faults at the 

15°45’N OCC and that fault-rock values based on Sr could not be explained by simply 

mixing seawater with typical ocean crust of mantle rock. Furthermore, they presented a 

model (Figure 4) by which intruding gabbroic bodies were providing the sources of heat 

which can help drive hydrothermal circulation through mantle-type rocks for long periods 

of time.  

Vils et al. (2008 & 2009) conducted an evaluation of the significance of serpentinization 

on ultramafic rocks, Leg 209 sites 1272A & 1274A, and the concentration of Li in the 

rocks as well as its effect on the lithium isotope ratios. This work provided preliminary 

values as to the lithium concentrations (Vils et al., 2008) and isotope ratios (Vils et al., 

2009) through a cross-section at these complexes. They determined that the very low 

isotopic lithium values obtained for his ultramafic samples (-28.46‰ to +7.17‰) would 

require mixing conditions of highly evolved hydrothermal fluids at high water rock 
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ratios, higher than those which were required to model the strontium isotopic signature in 

his samples. 

 

Figure 9: Oceanic core complexes identified along 13° N and 15° N (red stars), Smith, et al. 
(2008).  
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The studies conducted by Vils et al. (2009) primarily focused on ultramafic fluid/rock 

interactions and not samples of gabbroic composition. Furthermore, the extremely low 

values are the lowest reported for ultramafic rocks anywhere and while the present study 

did see negative lithium isotopic values, it did not see negative values of such low 

magnitude in ultramafic samples.  

The host rock composition plays an important role in the modeling work done in the 

current study. It determines what effect, if any, a variable starting composition will have 

in the mixing of different migrating fluids, seawater or hydrothermal, and the conditions 

necessary to obtain the analyzed results. 

Additional geochemical analyses has been conducted by multiple authors in relation to 

alteration temperatures surrounding the Fifteen Twenty Fracture Zone and are further 

discussed within the sections corresponding to specific sites analyzed. Site 1270 

alteration has been estimated to have taken place at > 200°C and > 350°C (Barnes et al., 

2009, Alt et al., 2007, Bach et al., 2004), site 1274 alteration has been estimated to have 

occurred at ~100° - 150°C, < 150°C in the upper part of the cored section, and < 250°C 

(Barnes et al., 2009, Alt et al., 2007, Bach et al., 2004) while site 1275 alteration 

temperatures have been estimated to have been above ~200 - 300°C (Alt et al., 2007). 

1.3.2 OTHER LITHIUM ISOTOPIC STUDIES 

Previous studies have been conducted by Chan et al. (2002) for ODP Hole 504B and 

Hole 896A and by Gao et al. (2012) for ODP Site 1256. Both studies involved deep 

profiled (~2km) cross sections of in situ oceanic crust in the Pacific with respect to 
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lithium abundance and isotope ratios in order to investigate the seawater circulation in the 

upper crust. The main difference between those studies and the present, is that they 

profile lithium in fast and super-fast spreading ridges of the East Pacific Rise (up to 200 

mm/year) (Gao et al., 2012) where there is currently no evidence of oceanic core 

complex formation or shallow ultramafic rocks due to a relatively constant high 

magmatic supply. Conditions for hydrothermal alteration are relatively consistent and 

simpler when compared to the dynamics associated with the exhumation of OCCs. The 

lithium isotopic profiles (Figure 10) for Hole 1256C were obtained from cores which cut 

through a crustal section with that of a typical Penrose oceanic layered sequence.  

Alternatively, the present study involves the analysis of core samples which have been 

exhumed along OCCs and have experienced; various time-temperature regimes, various 

amounts of reacting and circulating fluids during fluid/rock interaction, and have a 

variable starting compositions prior to alteration.  
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Figure 10: From Gao et al. (2012): Variation of (a) δ
18

O, (b) δ
7
Li, and (c) Li concentration with 

depth for bulk rocks from Hole 1256C (triangle) and 1256D (circle), shown with lithological 
sections. Different sampling groups are color coded as: cyan for SA, green for UH and yellow for 

SHIP. The pristine values of δ
18

O, δ
7
Li and Li concentration for fresh NMORB are from Harmon 

and Hoefs [1995] and Tomascak et al. [2008]. Hole 1256C cored 88.5 m into the basement (black 
dashed line) with sediment/basement contact (gray line) at "250 m below seafloor (mbsf), 
whereas at Hole 1256D, coring started at 276 mbsf within the uppermost basement (gray dashed 
line) and penetrated 1257 m into the oceanic basement (black dashed line). 
 

1.4 SITE LOCATIONS AND SUMMARIES 

For this study, focus was placed on core samples from the MAR, collected during IODP 

Leg 209, in areas which contain previously studied OCCs.  Four of the cores which were 

studied penetrate previously identified OCCs (1275 B and D and 1270 B and D) and one 

core was drilled on the western ridge flank of the MAR (1274A), where ultramafic and 

plutonic rocks were also sampled. Site 1270 is located south of the 15° 20’ fracture zone 

in the vicinity of the Logatchev Hydrothermal field, and thus future studies of this area 
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may provide significant clues as to the role of on-going hydrothermal circulation and 

rock concentrations with respect to lithium. Samples for this study were heavily weighted 

to Site 1275, as the majority of the samples analyzed attempt to obtain a depth profile of 

the lithium and lithium isotopes at this location. 

Core samples were collected from six sites along the structural dome of the core 

complexes and in their surrounding areas. Each site consisted of several coring events 

which intersect both mafic and ultramafic rocks. The majority of samples are from Holes, 

1275B and 1275D. The samples were taken at various depths in order to ensure that 

representative sections of both the country rock and intruding pluton were obtained. 

Below are brief site descriptions as based on observations by Kelemen et al. (2004). Their 

relative locations can also be seen in Figure 8. 

1.4.1 SITE 1275 

Four holes were cored in the vicinity of Site 1275 (1275A, 1275B, 1275C and 1275D). 

For this study, samples were analyzed from Holes 1275B and 1275D. 

Hole 1275B is located at approximately 15°44’29’’N and 46°54’12’’W and was drilled to 

a total depth of 108.70 mbsf. Lithologies for this hole include troctolite, gabbro, and 

diabase. Eight samples were analyzed from site 1275B. Based on the proceedings of ODP 

Leg 209, the troctolite designation was assigned to olivine-rich, texturally similar rocks 

which vary from dunite and troctolite to plagioclase-harzburgite, plagioclase-wehrlite, 

and plagioclase-lherzolite (Kelemen et al., 2004). We note that the troctolites are cut by 

multiple gabbroic dikes and may not represent a pure ultramafic composition. 
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Hole 1275D is located at approximately 15°44’26’’N and 46°54’13’’W and was drilled 

to a total depth of 209.00 mbsf. Lithologies in this hole include troctolite, dunite, gabbro, 

diabase, and granophyre veins intruding into gabbro host rocks (samples 209-1275D-

32R-1, 41-45 cm and 209-1275D-43R-1, 66-70 cm). Thirty-two samples were analyzed 

from this site through the entire depth of the core.  

1.4.2 SITE 1270  

Four holes were drilled in the vicinity of Site 1270 (1270A, 1270B, 1270C and 1270D). 

Samples were analyzed from cores 1270B and 1270D. 

Hole 1270B is located at approximately 14°43’15’’N and 44°53’13’’W and was drilled to 

a total depth of 45.9 meters below sea floor (mbsf). The majority of the recovered core is 

composed of a gabbro and dunite. Two samples of gabbro were analyzed from Hole 

1270B. 

Hole 1270D is located at approximately 14°43’15’’N and 44°53’05’’W and was drilled 

to a total depth of 57.3 mbsf. Unlike Hole 1270B, the majority of the recovered core from 

this site is primarily composed of a harzburgite. Four samples of harzburgite were 

analyzed from 1270D. 

1.4.3 SITE 1274 

One hole was drilled at site 1274 and was labeled as 1274A. The hole is located at 

approximately 15°38’51’’N and 46°40’34’’W and was drilled to a total depth of 155.80 

mbsf. The core was mainly composed of a harzburgite but also included dunite and 
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gabbro. Two samples of harzburgite were analyzed from 1274A. Figures 11 a through e 

show the various lithologies encountered within the cored sections in addition to sample 

intervals from the Leg 209 holes which were analyzed in this study.  

 

Figure 11a & b: Modified after Kelemen et al. (2007), Showing Leg 209 hole 1270B & Hole 
1270D lithologies and relative analyzed intervals (Green bars to the right of the columns). Please 
see Figure 8 for site locations. 

a  b
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Figure 11c: Modified after Kelemen et al. (2007), Showing Leg 209 hole 1274A lithologies and 
relative analyzed intervals (Green bars to the right of the columns). Please see Figure 8 for site 
locations. 

c 
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Figure 11d: Modified after Kelemen et al. (2007), Showing Leg 209 hole 1275B lithologies and 
relative analyzed intervals (Green bars to the right of the columns). Please see Figure 8 for site 
locations. 

  

d 
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Figure 11e: Modified after Kelemen et al. (2007), Showing Leg 209 hole 1275D lithologies and 
relative analyzed intervals (Green bars to the right of the columns). Please see Figure 8 for site 
locations. 

  

e 
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CHAPTER 2: ANALYTICAL METHODS 

2.1 LITHIUM ANALYSIS - LABORATORY PROCEDURE 

Lithium concentrations and isotope ratios of the analyzed samples were used to better 

understand the fluid-rock interactions at various temperatures as well as identifying 

possible heterogeneity of altered subsurface compositions. 

Whole-rock samples from varying depths along the core were previously cataloged, 

described, powdered and analyzed for bulk elemental composition at the University of 

Houston by Dr. John Casey. Subsequently, select samples for this study were weighed 

from powders, on an A&D GR-202 Semi Micro Balance with 0.1mg precision, and fully 

digested using the laboratory procedure mentioned below for isotopic analysis at The 

University of Maryland and at The University of Houston NU multicollector ICP-MS 

facility. As part of this study, the powdered samples were digested and lithium was 

purified from the resulting solution through a two-step column chromatography 

procedure in order to get a precise isotope analysis. During the chromatography 

procedure, collected lithium solutions were all analyzed for Na and Li with ICP-MS to 

ensure that Na/Li ratios were less than 0.5 and to ensure that as near 100% recovery from 

the columns. This process is addressed in the laboratory procedure section of this paper. 

Once purified, the lithium isotopic ratios were obtained through the use of multi-collector 

inductively coupled plasma mass spectrometers (MC-ICP-MS) at The University of 

Maryland Isotope Geochemistry Laboratory for 28 samples and at The University of 

Houston Geochemistry Laboratory for 20 samples. 
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Sufficient powdered sample is required for digestion in order to maintain a final 

concentration of approximately 50 parts per billion (ppb) for isotope ratio analysis using 

MC-ICP-MS. The amount of sample powder measured out for digestion is a function of 

the Li concentration (ppm) for each corresponding sample. The Li concentrations for the 

studied samples had been previously obtained from sample analysis of a suite of chemical 

elements for all Leg 209 core samples of Dr. John Casey, a cruise partner, at The 

University of Houston in 2008 using their in house Varian 810 ICP-MS (Appendix 2). 

During this study, the same sample powders were processed using a Parr Bomb digestion 

procedure, as outlined by The University of Houston’s geochemistry laboratory 

(http://icplab.geosc.uh.edu/index.html); (1) The powdered rock samples were 

individually weighed out into Teflon cups, which were pre-moistened with 1ml 15N 

HNO3 in order to prevent electrostatic sticking of the powders onto the beaker walls. The 

Teflon cups serve as the inner bomb beakers during steel bomb digestion. (2) In addition, 

2ml 24N HF was added to the Teflon cups. The cups were then placed, uncapped, onto a 

hot plate with an approximate temperature of 150°C and allowed to dry down in order to 

evaporate SiF4. (3) Following the first dry down, each individual sample was brought up 

(corresponding liquid added to the sample) with 3ml 8N HCl, 1ml 15N HNO3 and 4ml 

24N HF and the cup was placed into a steel Parr Bomb beaker and placed in the oven for 

a period of approximately 24hrs at 180°C. (4) After removal and cooling of the steel 

jacket, the samples were transferred into separate pre-cleaned 20ml Teflon beakers with 

screw-on caps. The Teflon cups were rinsed using 2% HNO3 to ensure 100% transfer and 

the beakers containing the new solution were placed on a hot plate and (5) the solution 
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dried to incipient dryness. (6) Following the dry down, 4ml 8N HCl was added to the 

beakers and dried to incipient dryness, then (7) the samples were brought up with 1ml 

15N HNO3 and dried again. (8) One final addition of 1ml 15N HNO3 was added to the 

beaker. If the digestion was complete, i.e. no visible residue, (9) the sample was dried 

down and then brought up with 10 ml 0.2N HCl for column chromatography. Otherwise, 

steps (6) and (7) were repeated until full digestion was accomplished for every sample.  

Typically, maximum values required for sample digestion were approximately 100 mg of 

powder. However, in order to maintain the final required 50 ppb concentration, some 

samples with low bulk rock lithium concentrations required approximately ~ 200 mg of 

sample powder due to their relatively low concentration of lithium. A problem 

encountered during digestion for these larger samples was the resistance to full digestion 

of the material. After following the mentioned lab procedure, a gel type residue was 

found to have formed at the bottom of the solution during cool down periods. These 

samples were centrifuged in order to physically separate the solid from the liquid 

solution. The resulting 10 ml solution was then extracted and run through the column. 

Subsequent analysis for lithium concentrations (µg/g), and comparison to the previously 

obtained concentrations values, indicated that no significant loss of Li was encountered 

during the centrifuge procedure. This may be in part due to the lithium’s partition 

coefficient preferentially favors lithium to stay in the liquid medium versus solid. In order 

to address the large sample problem, subsequent samples which required a powder 

weight greater than 100 mg were divided into two batches prior to bomb digestion and 
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were later carefully recombined once their individual bomb digestions of the same 

sample were complete. 

Following complete digestion, and after the samples were brought up with 10ml 0.2N 

HCl, lithium was separated from the sample matrix and purified using an organic solvent 

free, two-step column chromatography procedure favorable for low Li - high Mg samples 

previously determined for oceanic ultramafic samples (Gao et al., 2011). The resins used 

for the chromatography procedures included; Bio-Rad AG® 50W-X8 resin for the first 

column and Bio-Rad AG® 50W-X12 resin for the second column. The purification of 

lithium provides for a more precise isotopic analysis when using the MC-ICP-MS 

instrument. Isolation of lithium, close to 100%, is necessary in order to avoid interference 

of measurements when using the MC-ICP-MS. 

The chromatographic purification of the Li followed the procedures outlined by Gao and 

Casey (2011) which evaluated a methanol-free separation procedure. Per the evaluation, 

the key factor for lithium separation is to retain other cations within the column after 

lithium has completely passed through (Gao and Casey, 2011). Large quartz glass 

columns with internal diameters of 10 mm were used in the process. The two-column 

separation process includes separating lithium from the sample matrix through the first 

column and further purifying Li from Na in the second (Gao and Casey, 2011).  

As outlined by Gao and Casey (2011), digested solutions were first evaporated to 

insipient dryness and brought up with 10 ml of 0.2 mol l-1 HCl. They were then loaded 

into the first column which had been previously treated with 0.2 mol l-1 HCl. Following 
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the first column process, the resulting solution was analyzed using The University of 

Houston’s Varian ICP-MS to ensure lithium purification and complete extraction from 

the initial solution. The values obtained were compared to measured sample 

concentrations previously obtained at the University of Houston. The resulting solution 

was then evaporated to dryness, re-dissolved in 4 mo of 0.2 mol l-1 HCl and processed 

through the second column for maximum purification. Similarly, the resulting solution 

was analyzed to ensure purification and extraction effectiveness and then placed on a hot 

plate in order to dry down the sample. The final solution is brought up with sufficient 2% 

HNO3 in order to have a resulting concentration of approximately 50 ppb for MC-ICP-

MS analysis.  

The samples were then loaded into single-use 1ml sample vials for analysis with MC-

ICP-MS at The University of Maryland in order to obtain the corresponding lithium 

isotope ratios for the samples. Following the analysis at the University of Maryland, the 

newer University of Houston NU MC-ICP-MS was utilized and better precisions were 

achieved. Analysis of subsequent samples conducted using this instrument at The 

University of Houston followed the same extraction and purification procedures as 

outlined above. 

2.2 PRECISION OF PROCEDURES 

The newly obtained (2011) University of Houston MC-ICP-MS (Nu Plasma II) gave 

reproducible precisions of approximately ±0.3‰ at ±2σ in relation to Li isotope ratios for 

the analyzed samples. 
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Per The University of Maryland geochemistry laboratory, long term reproducible lithium 

isotope precisions are approximately ±1‰ at ±2σ. The analysis precisions of 

approximately ±0.6‰ at ±2σ were achieved for this study based on the repeated analysis 

of two Lithium in-house standards. The above precisions are included in Appendix 1 and 

can be used to differentiate between samples analyzed at the University of Houston from 

those analyzed at the University of Maryland. 

  



29 
 

CHAPTER 3: LITHIUM 

3.1 AN INTRODUCTION TO LITHIUM 

Lithium exhibits distinct fluid mobile behaviors at various temperatures. In addition, it 

has a relatively large mass difference, ~16%, between its stable isotope pair (Tomascak et 

al., 2004; Wunder et al., 2006). Therefore, lithium is particularly sensitive to alteration 

incurred from through-going circulating fluids. Fractionation induced on the isotopic 

ratios by fluid/rock interaction will cause a difference in composition and isotope ratios 

to be readily identified. We used well known values of Li and δ7Li for various rock types 

of mid-ocean ridges, sea water, and hydrothermal fluids (Table 1).  

3.2 BEHAVIOR OF LITHIUM 

The behavior of lithium and its isotopes during water-rock interaction will vary based on 

several factors associated with temperatures (T) and water/rock ratios (Vils et al., 2008, 

Chen et al., 2002). Water/rock ratio can be described as the fixed volume of fluid relative 

to a volume of rock occupying a given space and reacting with each other. In a closed 

system, it can be assumed that no water is added and reactions occur while maintaining 

an isotopic equilibrium in the system (i.e., the amount of isotopes in the system are the 

same throughout the reactions). Lithium is preferentially partitioned into minerals at 

temperatures less than  ~ 100° C – 150° C (Chan et al., 2002), and it is leached into fluids 

at higher temperatures over ~ 200° C (Vils et al., 2008). Therefore, at low T, lithium is 

preferentially incorporated into rocks from seawater or hydrothermal fluids, particularly 

into clay minerals such as chlorite and smectite, with preferential incorporation of 6Li 

over 7Li (Vils et al., 2008) leading to increases in δ7Li in the rocks altered at low 
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temperatures . The overall water/rock interaction still produces a higher δ7Li than that 

found in unaltered rock due to its equilibration with the isotopically heavier seawater 

reservoir (Vils et al., 2009).   

SOURCE 
Concentration  

(µg/g) 

Isotopic Ratio  

(δ7Li in ‰) 

N-MORB ( a ) ~ 4 + 3.4 ± 1.4‰ (2σ) 

N-MORB-15°20’ glass 

samples mid-point ( b ) 
~ 6.7 ~3.4 

N-MORB-15°20’ glass 

samples range ( b ) 
~ 4 to 8 ~ 0 to 6 

ULTRAMAFIC ( c ) ~1.5 ~4 

SEAWATER  ~ 0.26 ( d ) 31.1  ± 0.20‰ (2σ) ( e ) 

HYDROTHERMAL 

FLUID 
~ 2.5 ( f )  7.5 ± 1.6‰ (2σ) ( g ) 

Table 1: ( a ) = Tomascak et al. (2008) – within reported range ( b ) approximate mid-point of 
analyzed MORB glass samples from 15°20’ N area ( c ) Wunder et al. (2006) – mid-point of 
ranges reported for mantle ( d ) Douville et al. (2002) ( e ) Jeffcoate et al. (2004) – average ( f ) 
Schmidt et al. (2007) – within range reported for Logatchev ( g ) Chan et al. (2002) - mean of 
mid-ocean ridge systems 
 

In addition, the water/rock ratio will potentially play a critical role in determining 

concentrations and isotope ratios at various depths if the reaction is rock dominated 

versus water dominated. There is a preference for 7Li to be incorporated into circulating 

fluids during high temperature alteration (~350°C) (Vils et al., 2008 & 2009 and Wunder 
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et al., 2005). Therefore, extent of isotopic exchange heavily depends on temperature and 

fluid/rock ratios. Furthermore, fractionation of lithium tends to decrease with an increase 

in temperature (170/00 @ 4°C and -30/00 to -70/00 @ 350°C (Vigier et al., 2008, Vils et al., 

2009), indicating that at increasingly high temperatures, the isotopic ratio of lithium will 

not vary even though the overall concentration may change. 

 For this reason, it is expected that isotopic signatures become preserved over time during 

their residence in reservoirs, such as the mantle. This is helpful in analyzing the system as 

a whole and in future work which could be used to various geochemical reservoir of 

exhumed material from sources such as EM or HIMU. It is also helpful in interpreting 

water/rock ratios if mantle type values of δ7Li and lithium concentrations are observed 

with depth.  

  



32 
 

CHAPTER 4: RESULTS 

Forty-eight samples were analyzed during the course of the current study. The initial 

focus of this study was placed on understanding the behavior of lithium at a single site, 

1275, where two holes within ~100 meters were sampled, 1275B and 1275D. These are 

where the bulk of samples analyzed were taken. Even though sites 1270 and 1274 were 

not the focus, several samples were analyzed and included in this report for evaluation 

purposes, validation of the lithium model, and as a primer for possible further studies. In 

addition, these samples presented purer ultramafic harzburgites and dunites of the 

residual mantle, unaffected by gabbroic veins. 

4.1 LITHIUM AND YTTERBIUM 

Because lithium concentrations and isotopic ratios can be greatly affected by fluid 

interaction with host rocks at variable temperatures and water/rock ratios, we assume that 

the current setting may cause large variations in analyzed values. This assumption is 

exemplified on the lithium/ytterbium (Li/Yb) ratio plot which shows an apparent 

deviation between the relative concentrations in these two elements (Figure 12).   

Lithium and Ytterbium are both moderately incompatible during melt fractionation and 

represent a canonical ratio. Therefore, all else being constant, they should follow a 

similar trend based on the average concentration between the two elements in a host rock. 

Because Li/Yb ratios vary with respect to depth, other processes aside from crystal 

fractionation have had an impact on the relative abundance of the two. Fluid migration 

through the host rock and alteration of lithium abundance may have elevated or decreased 
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those ratios. Lithium is relatively mobilized in the presence of fluids and will partition 

into fluid or solid based on temperature. 

 

Figure 12: Li/Yb of MORB glass in the region averages 1.7 – Note that enrichments and 
depletions reflect alteration. Ultramafic analyzed samples include; Harzburgite, Dunite and 
samples with elevated Ni and Cr from bulk rock analysis.  
 

Ytterbium is relatively immobile, i.e., not significantly affected by alteration. Samples 

that plot on the right hand side of the 1.7 average can be presumed to be enriched in 

lithium with respect to ytterbium and those on the left hand side are depleted. We see a 

wide range of values on the chart. The majority of enrichment with respect to lithium 

appears to plot within shallower depths (above ~70 mbsf) and those showing depletion of 

lithium relative to Yb occur throughout the entire cored intervals. 
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Based on this plot, inferences can be made about rock-fluid reactions. Samples that are 

enriched in Li relative to Yb likely underwent fluid alteration at temperature less than 

150°C through the partitioning of lithium into secondary mineral phases, and those that 

are depleted in Li relative to Yb likely underwent mixing temperatures in excess of 

200°C. 

Core samples indicate both high- and low-temperature mineral assemblages, and 

circulation of fluids may have been facilitated by the presence of multiple veins within 

the rocks (Kelemen et al., 2004). The veins analyzed in this study are of gabbro and 

granophyre lithologies and have been interpreted to be intruding igneous veins. Holes in 

Site 1275 show significant igneous veins intruding into host rock, particularly within the 

upper 60 meters of Hole 1275D. The cored intervals had multiple veining events which 

appear to have occurred at a wide range of temperatures and cross cut one another with 

no preferred orientation being present between all of the sets (Figure 13). 

These cross cutting relationships and mineralogy of the veins, indicating picrolite (fibrous 

serpentine veins) cross cut by carbonate veins shows the complex lower temperature 

hydrothermal evolution and multiple mixing temperatures experienced within the rocks. 

Furthermore, the large angle detachment faults associated with core complexes and 

localized pathways may facilitate circulation of fluids at greater depths on a long term 

scale. Therefore, we would expect to see alterations involving high temperature, low 

water/rock and low temperature high water/rock ratios for the samples throughout the 

shallow core depths which may explain the large variations in values and deviations from 

the regional Li/Yb average of MORB glasses. 
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A plot of δ7Li vs Li (Figure 14) also shows large variations relative to typical values for 

igneous starting compositions (MORB, ultramafic, mantle). No discernable trend can be 

readily identified between δ7Li and Li from the plotted values on Figure 20. This further 

indicates that the variations seen within the lithium isotopic ratios and concentrations 

may be associated with a process likely involving variable fluid circulation through the 

rock at a variety of temperatures, w/r ratios and histories, which would cause overall 

removal or addition of lithium from the host rock. However, the majority of the values do 

appear to be clustered around the δ7Li values of NMORB, 1520 MORB average, and the 

ultramafic starting lithology (Figure 14: black, yellow and green circle). This clustering 

indicates an evolution which, although appears to have been variable over time, due to 

different mixing conditions, may have evolved from compositions typical of what we 

would expect for the area from MORB glass or DMM mantle. 

4.2 SITE 1275 

Samples analyzed from site 1275 were taken from two holes of the Leg 209 voyage; 

1275B and 1275D. The two drilled holes are approximately 0.1 km (328 ft) from one 

another and are located on the domed surface section, with megamullion corrugations of 

the OCC, on the west flank of the MAR at approximately, 15°44’25’’N and 

46°54’12’’W, to the north of the 15° 20’ Fracture Zone (Figure 15).  
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Figure 14: δ7Li vs Li for all analyzed samples showing the distribution of results relative to 
typical starting composition ranges which we would expect from the area. These include; 
NMORB, 1520 MORB glass and ultramafic compositions. Ultramafic analyzed samples include; 
Harzburgite, Dunite and samples with elevated Ni and Cr from bulk rock analysis. [NMORB = 
Tomascak et al. (2008), N-MORB 15°20’ glass =  approximate mid-point of analyzed MORB 
glass samples from 15°20’ N area,  Ultramafic = Wunder et al. (2006), Seawater = Douville et al. 
(2002) and Jeffcoate et al. (2004), Hydrothermal Fluid =  Schmidt et al. (2007) and Chan et al. 
(2002) ]  
 

Due to the close proximity of the two holes, results will be discussed concurrently. A 

similar situation exists for Holes 1270 B & D. Additionally, core descriptions and images 

of the sample location within the core can be found within Appendix 4 for all analyzed 

samples. 

Eight rock samples were analyzed from Hole 1275B, four of ultramafic samples, three 

gabbros and one diabase. Their depths range from 28.13 to 92.09 meters below seafloor 
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(mbsf). Ultramafic rock samples from site 1275B had lithium concentrations ranging 

from 4.67 to 8.82 ppm and δ7Li from +1.31 to 10.40 ‰. The three gabbro samples had 

lithium concentrations ranging from 0.30 to 2.26 ppm and δ7Li from +6.08 to +16.26 ‰. 

The diabase sample had a measured δ7Li of +8.92‰ and a lithium concentration of 7.87 

ppm. 

 

Figure 15: Bathymetric map from Kelemen et al. (2004), showing the location of Holes 1275 
A,B,C and D. Contours are shown as meters below sea level (mbsl). 

Twenty-six bulk rock samples and six igneous veins were analyzed from Hole 1275D.. 

Their depths range from 9.76 to 204.55 mbsf. Four gabbroic veins intruding into 
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ultramafic and troctolitic lithologies within the upper 60 meters of the core were 

analyzed. The gabbro veins had δ7Li ranges between +0.68‰ and +12.02‰ and lithium 

concentrations between 7.39 and 27.26 ppm. Two granophyre veins intruding into gabbro 

at 147.21 mbsf and 199.96 mbsf had δ7Li of +9.45‰ and +3.51‰ and lithium 

concentrations of 3.80 ppm and 6.98 ppm, respectively. The upper 60 meters of the core 

was primarily composed of troctolite, gabbro and several samples of ultramafic lithology 

(based on Ni & Cr bulk analysis results). Within this upper section; four ultramafic, two 

troctolite and one dunite were analyzed. The ultramafic samples had a δ7Li range 

between -4.15‰ and +3.45‰ and lithium concentrations between 3.00 ppm and 7.47 

ppm. The troctolites had δ7Li of +3.71‰ and +3.38 ‰ and Li concentrations of 10.55 

ppm and 7.97 ppm. The dunite sample had analyzed δ7Li of +4.42‰ and Li of 4.58 ppm. 

The lower  ~145 meters of the core was primarily of mafic composition and analyzed 

samples included 17 gabbros and two diabase rocks. The gabbros had δ7Li ranges 

between +0.85 and +10.43 ‰ and Li between 0.36 and 74.66 ppm. The two diabase 

samples had δ7Li +5.76 and 10.13 ‰ and Li of 2.10 and 7.33 ppm, respectively.  

A plot of lithium concentrations versus depth for the analyzed samples (Figure 16a) 

indicates a tendency for gabbro samples to plot to the left of the starting MORB glass 

composition and harzburgite samples to plot to the right of the mean DMM ultramafic 

line. This would indicate an enrichment of lithium in ultramafic samples and depletion or 

enrichment of lithium from the mafic samples as gabbros are cumulate and may be 

depleted in Li relative to MORB glass. These observations may be compatible with the 
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Li/Yb plot from Figure 12 and would further validate an evolution in rocks experienced 

the interaction with elevated temperatures and levels of circulating fluids.  

 

 

Figure 16 a & b: (a) Lithium concentration and (b) Lithium Isotopic ratio by depth for sites 
1275B/D. Ultramafic analyzed samples include; Harzburgite, Dunite and samples with elevated 
Ni and Cr from bulk rock analysis. [NMORB = Tomascak et al. (2008), N-MORB 15°20’ glass =  
approximate mid-point of analyzed MORB glass samples from 15°20’ N area,  Ultramafic = 
Wunder et al. (2006), Seawater = Douville et al. (2002) and Jeffcoate et al. (2004), Hydrothermal 
Fluid =  Schmidt et al. (2007) and Chan et al. (2002) ] 
 

Additionally, of particular interest is the behavior of lithium for the vein samples relative 

to the host rock. In all cases, the lithium concentration obtained from the igneous vein 

samples is higher relative to that in the host rock. This is likely a function of the 

a  b
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difference in starting composition in the shallower section between the lithologies, as 

vein samples are of gabbroic compositions and the host rocks are ultramafic and 

troctolites that would be significantly more depleted in Li and Yb.  However, veins 

deeper in the section at Site 1275D are all of granophyre lithologies within gabbroic hosts 

and should reflect approximately similar starting composition. Deviations between the 

values in these deeper pairs would provide some evidence as to the fluid migration within 

the vein as compared to that in the host rock or different histories of fluid rock alteration 

between the vein and host. The vein in sample 209-1275D-43R-1, 66-70 cm at ~200 mbsf 

shows higher concentrations than those of its host rock. This would indicate some 

difference in the mixing conditions between the host and the vein or higher degrees of 

fractionation. In particular, the host rock would appear to be slightly more depleted than 

typical MORB values which would indicate that the vein may have experienced fluid 

migrations at lower temperatures than those which were imprinted in the host rock. One 

sample at ~61 mbsf at site 1275D gave an anomalously high lithium concentration of 

74.66 ppm. This high level of enrichment would imply low temperatures of alteration 

paired with high water rock ratios in the vein which requires constant partitioning of 

lithium into secondary minerals within the vein. An analysis of bulk rock elemental 

compositions and core descriptions did not yield an exact cause as to the anomalous 

values. A duplicate analysis was conducted on gabbroic sample 209-1275D-14R-1, 78-84 

cm for isotopic composition. The analyzed samples resulted in δ7Li values of +3.21‰ 

and +10.35‰. The difference between the two values is above the uncertainty values for 

MC-ICP-MS analysis. Additionally, there were no events out of the ordinary from the 

instrument run which would have affected the analyzed results and the two samples were 
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digested and purified within the same group of samples. Given the sensitivity of the 

lithium isotopes and the small amount of powdered sample material which was used; it 

appears that the lithium variation can experience centimeter scale changes even within 

rock which looks homogeneous in composition in the hand sample. The gabbroic section 

of the cored interval corresponding to sample 209-1275D-14R-1, 78-84 cm is described 

as having igneous textures and amphibole chlorite veins. The variation can be explained 

if the veins identified within this core provided a pathway for intense fluid migration at 

the centimeter scale and the analyzed sample variations are a function of relative 

sampling distance from these affected zones. 

Hole 1275B and Hole 1275D both include lithologies associated with mafic and 

ultramafic compositions. However, Hole 1275D was started approximately 100 meters 

deeper than 1275B and appears to have higher abundance of lower greenshchist facies 

minerals and low-temperature oxidation (Kelemen et al., 2004). The transition between 

the ultramafic and mafic lithologies at Hole 1275D, at approximately 60 mbsf, is 

interpreted to be the boundary between the host “country rock”, of ultramafic and 

troctolite lithology, and intruding gabbroic pluton. Both sites appear to show elevated 

amounts of alteration, mainly through serpentinization, in the ultramafic sections, with 

values at 1275D estimated to be as much as 100% (Figures 17 a & b). 

The main serpentinite alteration phase in both holes appears to be lizardite with possible 

chrysotile (Table 2). Schwartz et al. (2012) showed that lizardite and chrysotile are the 

dominant species at temperatures below 300°C. 
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Additionally, at temperatures between 320° and 390°C, lizardite is progressively replaced 

by antigorite, suggesting a lower temperature alteration, although amphibole is present in 

trace amounts throughout the gabbroic rocks. 

 

Figure 17 a & b: Alteration intensity with depth (a) 1275B (b) 1275D, from Kelemen et al. 
(2004). 

From the vein descriptions and core picture observations, we note that the veins are 

primarily composed of gabbroic composition and are intruding throughout the ultramafic 

host rock. 
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In addition, it is important to note that the gabbroic vein samples consistently gave higher 

lithium isotope ratios than their host rock implying lower temperatures of alterations in 

which lithium is potentially incorporated into secondary minerals. In general, the 

gabbroic samples from Hole 1275 B and D experience a depletion of lithium from their 

corresponding starting compositions. If the variations in concentration are attributed to 

fluids with elevated temperatures migrating through the system (>200°C), 7Li is expected 

to be preferentially mobilized from the host rock into the fluids and lower δ7Li in host 

rock would be present compared to the starting composition. 

However the inverse is observed for the gabbroic samples and may be attributed to the 

host rock being in equilibrium with the heavy fluid reservoir migrating through the host 

rock. This would imply that elevated water rock ratios would be required in order to 

obtain the elevated isotopic ratios while simultaneously depleting the host rock relative to 

its starting composition (Figure 16 a & b), even at depths of ~200 mbsf.  

Based on observations of the cores at site 1275, it appears that the primary late strain 

mechanism is related to fracturing and cataclastic flow (Kelemen et al., 2004). This 

process enhances the fracturing observed, at variable temperatures, and could be 

interpreted as providing the conditions necessary for focused fluid migration through 

fractures and conduits along the detachment, necessary for fluid rock mixing conditions 

in which large amounts of fluid would interact with the host rock. 
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Table 2: From Kelemen et al. (2004). XRD results for select samples from Holes 1275B and 
1275D. 

 

4.3 SITE 1270 AND SITE 1274 

Two other sites were sampled as a potential starting point for future work with lithium 

alteration. The limited sampling and analysis was not expected to provide significant 

trends within each individual core. However, based on the results of our analyzed 

samples we can continue to test the validity of our model with proposed alteration 
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temperatures for the different sites. Furthermore, we can make observations as the 

variations which are exhibited by lithium with depth relative to starting compositions, 

and make inferences as to the general conditions necessary to explain variations from site 

to site. Due to the low number of samples, Sites 1270 and 1274 are discussed together in 

this section. Six samples were analyzed from Hole 1270 (Figure 18), two from Hole 

1270B and four from 1270D. Only two samples were analyzed from Holes 1274A  

(Figures 19). 

  

Figure 18: Bathymetric map from Kelemen et al. (2004), showing the location of drilled holes 
from site 1270. Contours are shown as meters below sea level (mbsl). 
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Figure 19: Bathymetric map from Kelemen et al. (2004), showing the location of the drilled holes 
at site 1274. Contours are shown as meters below sea level (mbsl). 

 

4.3.1 SITE 1270 

Two rock samples were analyzed from Hole 1270B. Both samples were gabbro with 

corresponding depths of 13.4 and 46.79 mbsf. The samples had δ7Li +0.29‰ and +7.78 

‰ and lithium concentrations of 0.77ppm and 1.96 ppm, respectively.  

Hole 1270D included four samples, three ultramafic harzburgites and one gabbroic dike 

associated with rock sample 209-1270D-4R-2, 72-78 cm. Analyzed sample depths ranged 

from 23.8 to 28.7 mbsf. The three harzburgites had δ7Li between +4.00‰ and +12.97 ‰ 

and Li concentration of 4.06 ppm and 7.75 ppm. The intruding gabbroic dike had δ7Li 

m
b
sl
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+3.76 ‰ and Li concentration of 8.64 ppm. Analyzed results for lithium isotopic ratios 

and concentrations are plotted on Figures 20 a & b.           

 

Figure 20 a & b: (a) Lithium concentration and (b) Lithium Isotopic ratio by depth for sites 
1270B/D. Ultramafic analyzed samples include; Harzburgite, Dunite and samples with elevated 
Ni and Cr from bulk rock analysis. Mafic samples include gabbros. [NMORB = Tomascak et al. 
(2008), N-MORB 15°20’ glass = approximate mid-point of analyzed MORB glass samples from 
15°20’ N area,  Ultramafic = Wunder et al. (2006), Seawater = Douville et al. (2002) and 
Jeffcoate et al. (2004), Hydrothermal Fluid =  Schmidt et al. (2007) and Chan et al. (2002) ] 
 

Petersen et al. (2009) conducted an analysis of the geologic setting at site 1270 through 

geologic mapping and sampling of ultramafic and mafic intrusive rocks. While they did 

not analyze lithium isotopes or concentrations, they presented a hydrothermal model in 

which gabbroic intrusions provide a source of heat at areas removed from the neo-

ba 
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volcanic zone as rocks move away from the ridge axis during sea-floor spreading. This 

can expose rocks to long lived periods of fluid circulation at various temperatures during 

periods of OCC exhumation and thereafter. Lithium concentrations for the analyzed 

samples indicate depletion in gabbro samples and enrichment in harzburgite samples, 

with respect to each starting composition. 

This would imply that the gabbro samples might have undergone alteration at higher 

temperatures than the harzburgites and thus resulted in a lower value than the expected 

general value from 15°20’ NMORB glass samples. 

4.3.2 SITE 1274 

Two bulk rock samples were analyzed from Hole 1274A. Both samples were harzburgite 

and had corresponding depths are 21.6 and 22.2 mbsf. The samples had δ7Li of of -0.83 

and -0.33‰ with Li concentrations of 1.01ppm and 1.68 ppm, respectively.  

Harzburgite samples from site 1274 were analyzed by Vils et al. (2009) for δ7Li. In their 

study they analyzed highly serpentinized spinel harzburgites and obtained value for δ7Li 

ranging between –28.46‰ and +7.17 ‰. We observed no such highly negative values in 

ultramafic rocks. While our samples do indicate negative values of δ7Li, none of our 

samples reach or trend towards such light isotopic values. The explanation for extremely 

negative values obtained by Vils et al. (2009) is not addressed here.  

However, we will note that in order to get the extremely negative values within our 

model, one would require extreme conditions with respect to starting compositions, 

especially in values used for starting bulk rock δ7Li by Vils et al. (2009).We also note the 
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lithium extraction protocols used by Vils et al. (2009) were designed for mafic basalt 

rocks and not ultramafic rocks, after Seitz et al. (2004). The procedure of Gao et al. 

(2011), used for the digestion and purification of samples in this study, was calibrated for 

ultramafic rocks. During Gao’s study with larger columns it was noted the 7Li extraction 

begun earlier in ultramafic rocks than in mafic rocks, possibly explaining the low δ7Li 

values measured. It is also important to note that in the current study, we monitored 

recovery of Li by ICP-MS throughout our extraction procedure so that ~100% recover 

was achieved for all samples. No such monitoring was reported in the study of Vils et al. 

(2009). 

Figures 21 a & b show the concentration and isotopic ratio of lithium for the two samples 

analyzed. These two samples show a depletion of 7Li but not much variation from the 

starting lithium concentration. This might be caused by low water/rock values and 

relatively elevated high temperatures of alteration.  

The complexity of the water/rock model created allows for a wide variety of results, and 

it is the goal of this paper to use this as a tool in understanding the behavior of lithium 

isotopes and concentrations at complex fluid/rock alteration conditions.  
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Figures 21a & b: (a) Lithium concentration and (b) Lithium Isotopic ratio by depth for site 
1274A. Ultramafic analyzed samples include; Harzburgite, Dunite and samples with elevated Ni 
and Cr from bulk rock analysis. [NMORB = Tomascak et al. (2008), N-MORB 15°20’ glass =  
approximate mid-point of analyzed MORB glass samples from 15°20’ N area,  Ultramafic = 
Wunder et al. (2006), Seawater = Douville et al. (2002) and Jeffcoate et al. (2004), Hydrothermal 
Fluid =  Schmidt et al. (2007) and Chan et al. (2002) ] 
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CHAPTER 5: MODELING 

Lithium concentration at < 5% precision and isotope ratios at < 1‰ precision were 

compared to typical values of seawater, hydrothermal fluids, pristine unaltered ultramafic 

rocks and values for mean MORB glass samples surrounding the 15°20’N area (Douville 

et al., 2002, Jeffcoate et al., 2004, Schmidt et al., 2007, Chan et al., 2002, Wunder et al., 

2006, Gao and Casey, unpublished). Analytical results and modeling are presented to 

examine and compare alteration temperatures estimated from previous studies, 

specifically Bach et al. (2004), Alt et al. (2007) and Barnes et al. (2009). 

5.1 LITHIUM MODELING 

There was a relatively wide range of values obtained with respect to concentration and 

isotope ratios from the different sites in this study. Based on the behavior of lithium 

concentration and isotopic ratios in the presence of fluids and at various temperatures, 

these differences are believed to reflect the varying levels of alteration at the core sites. 

Starting compositions for lithium and lithium isotopic ratios were varied within the model 

based on variable primary starting rock lithology, mafic or ultramafic.  

A water/rock interaction model was created using Excel, based on Gao et al. (2012). 

Appendix 3 includes spreadsheet results. Gao et al. (2012) evaluate the variation in the 

lithium isotope ratios lithium concentration with changes in temperature and water rock 

ratio. Data from this study was previously presented for the East Pacific Rise ODP Site 

1276. The modeling includes inputs such as starting and final host rock fluid Li 

concentration and δ7Li isotopic ratios. The model assumes an incremental increase in the 

amount of fluid which is mixed with the host rock, and plots temperature lines which 



53 
 

predict Li concentrations and δ7Li in the modified bulk rock with increasing water/rock 

ratios. Mixing conditions for analyzed lithium concentration or isotopic ratios can then be 

estimated based on where analyzed results plot along these lines. In addition, the model 

shows variations in the mixing conditions needed to solve for lithium concentrations and 

isotopic ratios based on specific temperature of interaction through a given partition 

coefficient (K) and fractionation factor (α). For this study, the partition coefficient (K) 

can be defined as the ratio of Li concentrations between water and rock and refers to how 

it’s distributed between the two. Fractionation factor (α) can be explained as the ratio of 

the abundances of 7Li/6Li in two compounds and the susceptibility of it to change 

between the two in water/rock interactions. Both K and α are a function of temperature. 

The mixing model takes into account the following parameters; 1) initial host rock 

lithium concentration and isotope ratio, 2) initial circulating fluid lithium concentration 

and isotope ratio, 3) distribution coefficient and equilibrium fractionation factor based on 

temperature of interaction.  A summary as to the expected behavior of lithium is provided 

by Gao et al. (2012) for low temperature (< 150° C) and high temperature ( > 300°C) 

conditions (Figures 22). 

In the models used for this study, several temperature lines were plotted for Li 

concentration and δ7Li in rocks and fluids for temperatures between 2°C and 900°C at 

variable water/ rock ratios. The model is based on the following two equations used by 

Magenheim et al. (1995) which involve a closed system model that incrementally 

destroys the original rock while lithium is partitioned either into the resulting solution or 

modified bulk rock. 
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	 	ln   (1) 

	 ∝ 	 ln ∝

∝
 (2) 

Where, R/W is rock/water ratio in weight units, α is the equilibrium fractionation factor 

between rock and water, K is the distribution coefficient between rock and fluid at a 

given temperature, X is the concentration of 6Li in alteration product, XR is the 

concentration of 6Li in final fluids, X0 is the initial concentration of 6Li in starting fluid, 

Y is the concentration of 7Li in alteration products, YR is the concentration of 7Li in final 

fluids, and Y0 is the concentration of 7Li in the starting fluid. 

A closed system model, also referred to as 2-phase equilibrium model (Kendall and 

Caldwell, 1998), was used such that isotopic equilibrium is assumed to be constant 

throughout water/rock interactions. It is expected to be representative of the lithium 

isotope partitioning into secondary minerals during the evolution of fluid interaction, ex.  

smectite in low temperature alterations. 

The model attempts to predict similar mixing conditions required to obtain the analyzed 

values of Li concentration and isotopic ratios, based on specific temperature lines which 

are plotted on a chart of Li abundances or lithium isotopic ratios versus water/rock ratios. 
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Figure 22: Shows the general behavior of the δ7Li and Li concentration by variations in 
temperature: Calculations of changes of bulk rock Li content (μg/g) and isotopic compositions 
(‰) during interaction with seawater/fluids with water/rock ratios at (a and b) low and (c and d) 
high temperatures according to the formulation given by Magenheim et al. (1995). Black dashed 
lines are calculated curves for the reaction between fresh basaltic rock (gray dashed line, Li = 7.2 
μg/g, δ7Li = +3.5‰) and modified upwelling hydrothermal fluids (mixture of hydrothermal 
fluids and fresh seawater, Li = 8 μg/g, δ7Li = +10‰) and solid lines are for reaction with fresh 
seawater (Li = 0.2 μg/g, d7Li = +31‰). Thick represents the starting composition of fresh 
Reaction temperatures (°C) are marked adjacent to the lines. The modeling parameters used are: 
K = 200, a = 0.981 at 2°C; K = 120, a = 0.992 at 150°C; K = 0.32, a = 0.995 at 300°C; and K = 
0.15, a = 0.998 at 500°C. From Gao et al. (2012). 
 
The biggest contributor as to the behavior of lithium is also the greatest unknown 

variable, the partition coefficient (K). Few experimental values of K are provided in 

literature (Berger et al., 1988, Chan et al., 2002, Seyfried et al., 1984, Seyfried et al., 

1998, Vigier et al., 2008). For this model we have used extrapolated values based on the 

exponential behavior of lithium and the values used by Gao et al. (2012). Values used by 

Gao et al. (2012) are based on experimental results between fresh MORB and seawater 
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for low temperatures (2°C to 200°C) (Seyfried et al., 1984) and those proposed by Chan 

et al. (2002) for elevated temperatures (>250°C). Three exponential trends were derived 

in order to fill in the temperature gaps between those proposed by Gao et al. (2012). The 

trends and values calculated can be found in Figure 23.  

Because there was not one single trend which would fit the four values used by Gao et al. 

(2012), three different internal linear sets were used during the interpretation of 

experimental data results. The first interval includes temperatures between 2° and 150°C, 

the second is from 150° to 300°C, and the final is from 300° to 900°C. These intervals 

are classified as low temperature, intermediate temperature and high temperature in the 

following discussion. 

Fractionation factors were also based on a best fit trend. However, they were based on 

available experimentally derived values from previous studies (Wunder et al., 2006, Chan 

et al., 2002). The best fit curve and associated values for utilized partition coefficients 

can be observed in Figure 24. 

The behavior of the model and sensitivity to changes in the values of partition 

coefficients and fractionation factor can be best viewed by keeping one or the other 

constant and systematically varying the other component. 
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Every temperature has had K and α associated with it for a range of water/rock ratios 

(0.05 to 100 with a higher value indicating a water dominated system). Therefore, in the 

model, the behavior of the lithium isotopic ratio and lithium content in the rock or fluid is 

dominantly a function of the temperature and water/rock ratios in the model.  As can be 

seen in Figures 16 a through d, the largest contributor to changes in the lithium isotopic 

ratios and concentration are the partition coefficients used. In Figures 25 a through d, a 

rock is mix with a starting composition of the rock of δ7Li =+3.4 ‰ & Li=6.7 ppm 

(15°20’ mean glass MORB), with fluid typical of mean seawater, and having values of 

δ7Li =+31‰ & Li=0.26 ppm. Four temperatures, for which Gao et al. (2012) provided 

fixed partition coefficients, were used for the demonstration of K and α effect. From the 

sensitivity analysis we note that changes in fractionation factor will not have a severe 

effect on the behavior of lithium concentrations, and appears to have a greater effect on 

the isotopic ratio of lithium. Changes to the partition coefficient however, affect both 

lithium isotopic ratios and lithium concentrations being modeled. Furthermore, the 

variability in w/r also appears to affect the model and will cause highly variable 

behaviors in the model. Variability in the partition coefficients appears to have a greater 

effect on the model than fractionation factors.  

Ultimately, temperature and water/rock ratio will dictate the behavior of lithium in the 

model since we have assigned K and α to specific temperatures. Figures 26 a & b show 

the modeled behavior for lithium isotope ratios and lithium concentrations and resulting 

temperature lines for a modified bulk rock when mixing a starting rock with starting 

composition of δ7Li =+3.4 ‰ & Li=6.7 ppm (15°20’ mean glass MORB). However, we 
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now use extrapolated partition coefficients and fractionation factors for a wider range of 

temperatures, between 2° to 900°C. The previously mentioned temperature zones, related 

to the exponential fits for partition coefficients, are color coded and include a green zone 

for low temperatures (2° and 150°C), an orange zone for intermediate temperatures (150° 

to 300°C) , and a red zone for high temperatures (300° to 900°C). 

 

Figure 25 a & b: Models for a) lithium isotope ratios and b) lithium concentration in modified 
bulk rock. The temperature (T) and fractionation factor (alpha) were set constant while varying 
the partition coefficient (K) to evaluate the sensitivity of the model with respect to variability in 
partition coefficients. a) at low K values, the lithium isotope ratio shows the most variability at 
w/r less than 40, going from negative to positive before approaching an equilibrium point, at high 
K values the isotopic ratios are more greatly affected by higher w/r over 20 b)  at higher values 
the lithium concentration requires w/r greater than 20 before the model is affected while at much 
lower values the model is significantly affected by w/r less than ~10. Changing the partition 
coefficient has a significant effect on both isotopic ratio and lithium concentration and the 
changes are very much affected by the w/r. 

a b 
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Figure 25 c & d: Models for c) lithium isotope ratios and d) lithium concentration in modified 
bulk rock. The temperature (T) and partition coefficient (K) were set constant while varying the 
fractionation factor (alpha) to evaluate the sensitivity of the model with respect to variability in 
fractionation factors. c) In general, different fractionation factors will cause the model to have the 
same overall trend with increase w/r. However, the severity of the difference in behavior is more 
highly affected by w/r, i.e. lower values of alpha will have a more severe impact on the curves at 
low w/r while making them trend towards a more negative value  d) changes to the fractionation 
factor do not severely affect the overall model, as the lines appear to follow the same overall 
behavior. 

 
Based on the model behaviors on Figures 26 a & b, there is a wider variability in the 

lithium isotopic ratio chart, more overlap, and a much more consistent trend in the 

lithium concentration chart. As we saw in the sensitivity analysis, one likely cause can be 

attributed to the partition coefficients being. These values require additional refining. 

Despite this variability, the various model runs for our samples show relatively consistent 

results when solving for mixing conditions relative to obtained results for lithium isotope 

ratios and lithium concentrations.  

 

c d 
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For modeled δ7Li (Figure 26a), at higher temperatures (>200°C) the curves trend down to 

lower values before they begin to climb back up to enrichment in δ7Li, and in low 

temperature (<150°C) the curves cross over at elevated water rock ratios. This behavior is 

explained by the closed system model and the large difference in partition coefficients 

used at low temperatures compared to those used for high temperatures. In a closed 

system model, at temperatures > 200°C, there is preferential removal 7Li over 6Li from 

the rock, thus driving the modified bulk rock composition initially lower. However, at 

increasing water/rock ratios thee is a concentration at which 6Li will begin to mobilize 

into the fluids as well and the model will begin to drive the ratio up, ultimately reaching a 

point of equilibrium in the system and flattening out the curve. The low-temperature 

cross over is a function of the partition coefficients used and the difference in values from 

one temperature line to the next. When the partition coefficients don’t vary much 

between offset temperatures (such as those > 300°C) the lines follow more consistent and 

predictable behaviors. With respect to lithium concentration (Figure 26b), at temperatures 

> 200°C there is an overall removal of lithium at all water rock ratios. In addition, it is 

only at elevated water/rock ratios that the modified bulk values for lithium concentrations 

at low temperatures begin to increase. This behavior is expected to follow the predicted 

change of lithium in modified bulk rock as it is being incorporated into secondary 

minerals at low temperatures. 

Two sets of modeling scenarios, with 10 variations, were applied based on the lithology 

of the analyzed bulk rock assemblage. These variations are displayed below in Tables 3 

and Table 4. 
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Starting compositions for mafic models 

ROCK ROCK FLUID FLUID 
δ7Li (‰) Li (ppm) δ7Li (‰) Li (ppm) 

3.40 6.70 31.00 0.26 
3.40 6.70 7.50 3.00 
6.00 8.00 31.00 0.26 
0.00 8.00 31.00 0.26 
0.00 4.00 31.00 0.26 
6.00 4.00 31.00 0.26 
6.00 8.00 7.50 3.00 
0.00 8.00 7.50 3.00 
0.00 4.00 7.50 3.00 
6.00 4.00 7.50 3.00 

 
Table 3: Ten set different starting conditions for each model applied to mafic rock samples with 
regard to starting rock and fluid compositions. 

 
 Starting compositions for ultramafic models 

ROCK ROCK FLUID FLUID 
δ7Li (‰) Li (ppm) δ7Li (‰) Li (ppm) 

4.00 1.50 31.00 0.26 
4.00 1.50 7.50 3.00 
6.00 8.00 31.00 0.26 
0.00 8.00 31.00 0.26 
0.00 4.00 31.00 0.26 
6.00 4.00 31.00 0.26 
6.00 8.00 7.50 3.00 
0.00 8.00 7.50 3.00 
0.00 4.00 7.50 3.00 
6.00 4.00 7.50 3.00 

 
Table 4: Ten set different starting conditions for each model applied to ultramafic rock samples 
with regard to starting rock and fluid compositions. 
 

Each of the ten iterations for the modeling gave a specific set of combined curves with 

respect to lithium concentration and isotopic ratios which were used to refine mixing 

conditions necessary to achieve the analyzed results.  
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Mixing model plots for 209-1275D-27R-1, 43-48cm (~123 mbsf) are shown in Figures 

27a, 27b, 27C. Additionally, the figures are annotated such that they explain the logic and 

usability of the mixing model in addition to how mixing conditions are constrained for 

specific examples. 

For each of the samples analyzed in the study, the temperatures of alteration and the w/r 

were constrained in this manner. Where results could not be replicated with sea water as a 

starting fluid, evolved hydrothermal fluids or different starting rock compositions were 

explored. It is important to note that there may be multiple solutions based on the 

different combinations used as starting conditions. Below are the modeling results for 

sample 209-1275D-27R-1, 43-48 cm (Table 5).  

START 
ROCK 

START 
ROCK 

START 
FLUID 

START 
FLUID 

MIX 
RANGE 

MIX 
RANGE 

MIX 
AVG 

MIX 
AVG 

SAMPLE 
SET AVG 

SAMPLE 
SET AVG 

δ7Li 
(‰) 

Li 
(ppm) 

δ7Li 
(‰) 

Li 
(ppm) W/R

Temp 
(°C) W/R

Temp 
(°C) W/R 

Temp 
(°C) 

3.4 6.7 31 0.26
20 to 

30
250-
300 25 275 23 275 

3.4 6.7 7.5 3 NA NA     
6 8 31 0.26

20 to 
30

250-
300 25 275     

0 8 31 0.26
30 to 

40
250-
300 35 275     

0 4 31 0.26
10 to 

20
250-
300 15 275     

6 4 31 0.26
10 to 

20
250-
300 15 275     

6 8 7.5 3 NA NA     
0 8 7.5 3 NA NA     
0 4 7.5 3 NA NA     
6 4 7.5 3 NA NA       

 
Table 5: Results from the various iterations for sample 1275D-27R-1, 43-48 cm. 
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Modeling results for 1275D-27R-1, 43-48 cm indicate that mixing conditions 

preferentially agree with a model which involves mixing a rock with MORB type values 

and fluid compositions closer to seawater at temperatures between 250°C and 300°C with 

water/rock ratios between 10 and 30. On average the mixing conditions are T=275°C and 

W/R = 23 for sample 1275D-27R-1, 43-48 cm. Each of the forty eight samples was run 

through a similar modeling/interpretation scheme (Appendix 3) and the average for all of 

the sets was plotted and is discussed in the results section of this study for each site. 
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CHAPTER 6: DISCUSSION 

A procedure similar to that explained on Figures 18 a through c was followed for ten 

variable starting compositions of bulk rock and fluid composition. Variables are included 

in Tables 2 & 3 and were chosen to simulate likely starting compositions with respect to 

lithium ratios and lithium concentrations which may be encountered in the region 

surrounding the 15° 20’ N area. 

Only certain combinations of the ten variations which were run could possibly yield a 

water/rock ratio and temperature that match with the analyzed results from rock samples. 

Furthermore, the possible solutions obtained were usually in the form of ranges for water 

rock ratios and temperatures at which the mixing could occur.  The mid- points of the 

ranges for water rock ratios and temperatures were calculated for each possible pair of 

combinations and an average was calculated from the resulting mid-point of each 

possible sample set. As an example of the result of this procedure, in Table 4, the 

W/R=23 and the value of Temp=275°C would be the values plotted on a chart at the 

samples corresponding depth. The results of the mixing model for sites 1275 B & D are 

plotted on Figures 28 a & b. 

From the plotted results, we see that the majority of the averages for water rock ratios 

plot at values greater than 10. This would indicate a modeled system which would be 

primarily dominated by water and would agree with the amount of alteration identified in 

the core and in relation to the general conditions previously mentioned as necessary for 

the lithium isotopic and lithium concentration results obtained to occur. 
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The average temperature for each set was also plotted with respect to depth for holes 

1275 B & D and can be observed in Figure 28b. Alt et al. (2007) analyzed hydrothermal 

alteration processes at various sites around the 15°20’N area using sulfur and oxygen 

isotopes of altered peridotites and gabbros. The range of reported alteration temperatures 

for site 1275 were above ~200-300°C (Alt et al., 2007). Results from the modeling 

indicate several samples plot within this band. Some values which do not, are the hollow 

circles, each of which represents an intruding magmatic vein of gabbro or granophyre 

composition. The modeling for these veins indicates mixing conditions which would 

trend towards lower temperatures, < 200°C, and thus incorporation of overall lithium into 

the veins. From Figure 16a, we note that these samples are indeed enriched with respect 

to their starting composition (blue line). Additionally, from the model results in Appendix 

3, we note that the majority of the combinations which would yield a result for the vein 

samples in the upper part of the core are primarily of what we interpret to be 

hydrothermal fluid. Therefore, based on the modeled results, the upper portion of the core 

~50 mbsf experienced at least one episode of hydrothermal circulation at high water rock 

ratios and at temperatures within 150° to 200°C. Another interesting vein/host rock pair 

is from sample 209-1275D-32R-1, 41-45 cm at ~147 mbsf. The vein and host rock are 

both of mafic composition and thus deviations from the mean should reflect different 

conditions for which the analyzed results can be modeled. 
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From the lithium concentration chart (Figure 16a) we note that these two samples are 

depleted with respect to lithium and enriched with respect to δ7Li ratios. As previously 

mentioned, we would likely need elevated temperatures and high water/rock ratios in 

order to simultaneously deplete lithium from the rock and enrich it with respect to δ7Li. 

The modeled results indicate a temperature at ~225°C and water/rock value of ~20. The 

same relationship can be inferred for samples down to ~180mbsf. If large amounts of 

fluid are being modeled as a requirement to explain the mixing conditions then it would 

be plausible to make the observation that within the upper ~210 mbsf of the detachment 

surface the environment is conducive to large fluid migration at potentially moderately 

elevated temperatures. 

One additional observation is for sample 209-1275D-9R-1, 134-136 cm, which had 

δ7Li=-4.15 ‰ and Li=7.47ppm. This sample was of ultramafic lithology and was located 

at ~43 mbsf. Other than this sample, all other analyzed results obtained a possible 

solution for mixing conditions based on the ten variations which were run based on 

starting lithology. However, sample 209-1275D-9R-1, 134-136 cm was the only sample 

which required additional runs in order to obtain a matching model between two analyzed 

components. We note that in order to get the a matching set of mixing conditions when 

mixed with either seawater (Douville et al., 2002 and Jeffcoate et al., 2004) or 

hydrothermal (Schmidt et al., 2007 and Chan et al., 2002) type starting solutions, we 

would require the initial composition of the host rock to be δ7Li= -1 to -3 ‰ and Li= 8 to 

10 ppm. This is the only sample which required a modified starting rock composition in 

order to get a set of mixing conditions which would explain the analyzed results. It is 
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beyond the scope of the model to make additional inferences about starting host rock 

compositions; although we note that some 15°20’ MORB glass samples in the region 

show unusually low δ7Li values (~0 ‰). 

Modeling the results from Holes 1270 B & D indicates that alteration at this site was 

primarily at elevated water/rock ratios and at temperatures between 150° and 275°C 

(Figures 29 a & b).  

 

Figure 29 a & b: Average water/rock and temperature conditions necessary, by sample and depth, 
in order to yield the resulting lithium concentration and isotopic ratio of each sample analyzed for 
Holes 1270 B & D. 

Based on the water/rock model, the gabbro samples do appear to generally undergo 

alteration at a higher temperature than the harzburgite samples. Gabbro samples show 

b a 
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average alteration temperatures between 225° and 275°C, while ultramafic samples show 

temperatures of alteration between 150° and 225°C. Furthermore, the modeled results 

with respect to temperature fall within close range of the reported alteration temperatures 

by different authors.  

Results from our modeling of Hole 1274 A indicate temperatures higher than has been 

previously reported for this site and at water/rock ratios less than those obtained at sites 

1275 and 1270 (Figures 30 a & b). 

 

Figure 30a & b: Average water/rock and temperature conditions necessary, by sample and depth, 
in order to yield the resulting lithium concentration and isotopic ratio of each sample analyzed for 
Hole 1274A.  

 

b a 
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Site 1274 was the least analyzed location, and two samples are not sufficient to make 

definite correlations as to the evolution of lithium isotopic ratios or lithium 

concentrations. The variation from the generally reported alteration temperatures may be 

a function of having to few analyzed samples. However we do show a solution is possible 

for determining the alteration conditions at this site, regardless of the number of samples 

analyzed. 

 

 

 

  



78 
 

CHAPTER 7: CONCLUSION 

The lithium concentration and isotopic values of samples analyzed clearly show 

variations that can only be explained with extensive alteration of the primary lithology. In 

evaluating samples from sites along the Mid-Atlantic ridge, the evolution of lithium in 

response to the exhumation along oceanic core complex is a key feature as is their 

simultaneous alteration by migrating fluids. Since the behavior of lithium has 

characteristics which allow it to trace not only temperature but also variable fluid rock 

ratios, being able to model the behavior of lithium ratios and concentrations while 

obtaining consistent results was a good result of this study.  

Based on analyzed results of lithium concentrations and lithium isotopes, we can make 

the following observations. Li/Yb ratios across the sample set indicate that variations in 

lithium ratios and concentrations are not simply a function of typical igneous 

fractionation processes, but are primarily a function of variable fluid rock interactions at 

low to moderate temperatures. 

Modeling results indicate that elevated w/r ratios are needed to obtain analyzed results 

(on average > 10 w/r and in some instances, up to 70 w/r). This indicates large fluid 

migration through at least the upper ~210 m below the surface detachment at 

temperatures between 50° and 400° C. We can further infer that the detachment fault 

surface provides a localized migration path for circulating fluids as can be observed by 

the modeled water/rock ratios and by the significant amounts of serpentinization within 

the upper portions of Hole 1275 D, which sits at the top of the OCC. 
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Modeling the mixing conditions at site 1275 indicate that this area has undergone 

hydrothermal alteration at ~150° to 300°C and at water/rock ratios over 10 and as high as 

70. Having large amounts of fluid circulation through the host rock is in line with the 

amount of serpentinization seen in core descriptions for Hole 1275 D (in some cases up 

to 100%). Furthermore, alteration temperatures are in line with the main serpentine facies 

identified within 1275 D. 

Modeling of site 1270 indicates alteration between ~150° to 300°C and at water/rock 

ratios less than 30. A larger sample set might yield better temperature and water/rock 

curves for this site. However for the samples obtained, modeling indicates that gabbro 

samples have undergone higher temperatures of alteration than the ultramafic rocks. 

Results from the modeling at site 1274 suggest alterations between ~250° to 350°C and at 

water/rock ratios between one and ten. This is higher than the proposed low temperature 

alterations for the area (Alt et al., 2007, Bach et al., 2004, Barnes et al., 2009), but 

modeling results may be a function of the small sample set at this site. 

Based on a closed-system model of the behavior of lithium isotopes and lithium 

concentrations, temperatures of alteration may be approximated and water/rock ratios 

inferred. However, further understanding is needed especially in relation to partition 

coefficients in order to refine the models behavior. Additionally, pairing lithium ratios 

and lithium concentrations with other stable isotopic systems (oxygen, boron, etc...) and 

understanding the stability range of secondary minerals within the context of specific 

settings will help in further constraining the ranges obtained through the model. 
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APPENDIX 1: ANALYZED RESULTS FOR δ
7
Li (‰) 

IODP Leg 209 ID  Lab ID 

Sample  
Depth 
(mbsf) Rock Description 

δ7Li  
(‰) 

 2σ 

(‰) 

209-1270B-2R-1, 100-105 cm JC06 13.40 Oxide-rich gneissic gabbro 0.29 ±0.60 

209-1270B-10M-1, 99-105 
cm 

JC08 46.79 Gabbro 7.78 ±0.60 

209-1270D-4R-1, 40-46 cm JC13 23.80 Harzburgite with gabbroic dike 4.00 ±0.60 

209-1270D-4R-2, 72-78 cm JC17 25.62 Harzburgite with gabbroic dike 12.97 ±0.60 

209-1270D-4R-2, 72-78 cm JC17V 25.62 Gabbroic dike within harzburgite  3.76 ±0.60 

209-1270D-5R-1, 30-34 cm JC18 28.70 Harzburgite with gabbroic dike 9.71 ±0.60 

209-1274A-4R-1, 30-36 cm JC29 21.60 Altered Harzburgite and dunite with 
orthopyroxene 

-0.83 ±0.60 

209-1274A-4R-1, 90-95 cm JC30 22.20 Altered Harzburgite and dunite -0.33 ±0.60 

209-1275B-6R-1, 53-57 cm JC47 28.13 Fine-grained gabbro with diabase 6.99 ±0.60 

209-1275B-6R-1, 71-76 cm JC48 28.31 Medium-grained troctolite with oxide 
gabbro dike 

1.42 ±0.30 

209-1275B-6R-2, 94-98 cm JC50 30.00 Medium-grained troctolite with 
plagioclase-rich bands 

1.31 ±0.60 

209-1275B-7R-1, 65-70 cm JC51 32.95 Medium-grained troctolite 10.40 ±0.60 

209-1275B-12R-2, 36-41 cm JC52 57.83 Gabbro 10.45 ±0.60 

209-1275B-18R-1, 20-26 cm JC54 85.30 Foliated fine-grained gabbro 6.08 ±0.30 

209-1275B-18R-1, 40-45 cm JC55 85.50 Aphyric diabase 8.92 ±0.60 

209-1275B-19R-3, 54-58 cm JC58 92.09 Gabbro 16.26 ±0.60 

209-1275D-2R-2, 27-32 cm JC59V 9.76 Gabbroic dike within troctolitic dunite 11.07 ±0.30 

209-1275D-5R-1, 34-40 cm JC60 22.94 Troctolite with gabbro dike -0.05 ±0.60 

209-1275D-8R-1, 62-66 cm JC62 37.22 Troctolite with gabbro dike 3.45 ±0.30 

209-1275D-8R-1, 62-66 cm JC62V 37.22 Gabbro dike within troctolite 7.07 ±0.30 

209-1275D-8R-2, 8-12 cm JC63 38.13 Troctolite with gabbro dike 3.71 ±0.60 

209-1275D-8R-2, 8-12 cm JC63V 38.13 Gabbro dike within troctolite 12.02 ±0.60 

209-1275D-9R-1, 63-68 cm JC65 42.23 Troctolitic dunite with carbonate veins 4.42 ±0.30 

209-1275D-9R-1, 134-136 
cm 

JC110 43.00 Troctolitic dunite with oikocrysts of 
plagioclase and pyroxenes and cross-
cutting gabbroic vein 

-4.15 ±0.30 

209-1275D-9R-1, 134-136 
cm 

JC110V 43.00 Gabbroic vein within troctolitic dunite 0.68 ±0.30 

209-1275D-10R-2, 16-20 cm JC69 47.69 Troctolite with gabbro dike 1.07 ±0.60 

209-1275D-11R-1, 29-35 cm JC71 51.39 Troctolite with gabbro dike 3.38 ±0.30 

209-1275D, 13R-1, 47-53 cm JC74 61.17 Gabbro with sub-vertical magmatic 
foliation 

8.61 ±0.60 

209-1275D-14R-1, 78-84 cm JC75A 66.18 Gabbro 3.21 ±0.60 

209-1275D-14R-1, 78-84 cm JC75B 66.18 Gabbro 10.35 ±0.60 

209-1275D-16R-1, 14-20 cm JC76 74.84 Fine-grained oxide gabbro 10.19 ±0.60 

209-1275D-25R-1, 75-80 cm JC79 113.95 Gabbro with up to 10% oxide 11.49 ±0.30 
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IODP Leg 209 ID  Lab ID 

Sample  
Depth 
(mbsf) Rock Description 

δ7Li  
(‰) 

2σ 

(‰) 

209-1275D-25R-3, 38-43 cm JC80 116.1 Fine to very fine grained gabbro 8.28 ±0.30 

209-1275D-27R-1, 43-48 cm JC83 123.13 Oxide gabbro 10.27 ±0.60 

209-1275D-32R-1, 41-45 cm JC87 147.21 Coarse grained gabbro with 
granophyric vein 

8.76 ±0.30 

209-1275D-32R-1, 41-45 cm JC87V 147.21 Granophyre vein within coarse grained 
gabbro 

9.45 ±0.30 

209-1275D-32R-2, 84-89 cm JC88 149.10 Medium to fine grained gabbro 7.98 ±0.30 

209-1275D-33R-1, 33-38 cm JC89 151.63 Microgabbro with 25% olivine 
phenocrysts 

6.48 ±0.60 

209-1275D-34R-3, 109-113 
cm 

JC92 159.46 Coarse grained gabbro 4.67 ±0.30 

209-1275D-36R-2, 120-128 
cm 

JC94 168.49 Medium grained gabbro with 
granophyre dike 

9.54 ±0.60 

209-1275D-38R-2, 98-103 
cm 

JC95 177.72 Coarse grained gabbro 7.28 ±0.60 

209-1275D-38R-3, 123-127 
cm 

JC96 179.26 Coarse grained gabbro 0.85 ±0.30 

209-1275D-39R-2, 134-138 
cm 

JC99 182.48 Aphyric diabase 10.13 ±0.60 

209-1275D-40R-1, 115-118 
cm 

JC100 185.25 Aphyric diabase 5.76 ±0.30 

209-1275D-42R-1, 111-119 
cm 

JC115 196.00 Medium grained gabbro 5.83 ±0.30 

209-1275D-43R-1, 66-70 cm JC105 199.96 Medium to coarse grained gabbro 
with granophyric vein 

4.35 ±0.30 

209-1275D-43R-1, 66-70 cm JC105V 199.96 Granophyre vein within medium to 
coarse grained gabbro 

3.51 ±0.30 

209-1275D-43R-4, 75-79 cm JC109 204.55 Microgabbro with medium grained 
felsic gabbroic patches 

10.43 ±0.60 
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APPENDIX 2: SELECT BULK ANALYSIS RESULTS 

IODP Leg 209 ID  Li (µg/g) (2σ = ±5%) Yb (µg/g) (2σ = ±5%) Li/Yb 

209-1270B-2R-1, 100-105 cm 0.77 1.14 0.68 

209-1270B-10M-1, 99-105 cm 1.96 4.68 0.42 

209-1270D-4R-1, 40-46 cm 7.75 0.86 9.02 

209-1270D-4R-2, 72-78 cm 4.06 0.56 7.24 

209-1270D-4R-2, 72-78 cm 8.63 2.88 3.00 

209-1270D-5R-1, 30-34 cm 5.86 0.38 15.30 

209-1274A-4R-1, 30-36 cm 1.01 0.02 40.42 

209-1274A-4R-1, 90-95 cm 1.68 0.03 52.51 

209-1275B-6R-1, 53-57 cm 18.82 2.20 8.56 

209-1275B-6R-1, 71-76 cm 7.73 0.29 26.29 

209-1275B-6R-2, 94-98 cm 4.67 0.20 23.18 

209-1275B-7R-1, 65-70 cm 14.49 11.63 1.25 

209-1275B-12R-2, 36-41 cm 0.40 2.71 0.15 

209-1275B-18R-1, 20-26 cm 2.26 2.37 0.95 

209-1275B-18R-1, 40-45 cm 7.87 3.57 2.21 

209-1275B-19R-3, 54-58 cm 0.30 2.19 0.14 

209-1275D-2R-2, 27-32 cm 7.39 2.22 3.33 

209-1275D-5R-1, 34-40 cm 3.00 0.66 4.52 

209-1275D-8R-1, 62-66 cm 3.39 0.19 18.24 

209-1275D-8R-1, 62-66 cm 9.66 1.11 8.72 

209-1275D-8R-2, 8-12 cm 10.55 0.19 56.41 

209-1275D-8R-2, 8-12 cm 27.25 2.71 10.04 

209-1275D-9R-1, 63-68 cm 4.58 0.30 15.39 

209-1275D-9R-1, 134-136 cm 7.47 0.21 35.10 

209-1275D-9R-1, 134-136 cm 8.54 2.39 3.56 

209-1275D-10R-2, 16-20 cm 3.61 0.34 10.49 

209-1275D-11R-1, 29-35 cm 7.97 0.60 13.33 

209-1275D, 13R-1, 47-53 cm 74.66 11.80 6.33 

209-1275D-14R-1, 78-84 cm 1.22 2.56 0.47 

209-1275D-14R-1, 78-84 cm 1.22 2.56 0.47 

209-1275D-16R-1, 14-20 cm 4.09 10.39 0.39 

209-1275D-25R-1, 75-80 cm 2.81 12.90 0.22 

209-1275D-25R-3, 38-43 cm 1.59 2.41 0.66 

209-1275D-27R-1, 43-48 cm 0.36 1.99 0.18 

209-1275D-32R-1, 41-45 cm 1.50 1.93 0.78 

209-1275D-32R-1, 41-45 cm 3.80 5.17 0.74 

209-1275D-32R-2, 84-89 cm 3.82 3.19 1.20 
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IODP Leg 209 ID  Li (µg/g) (2σ = ±5%) Yb (µg/g) (2σ = ±5%) Li/Yb 

209-1275D-33R-1, 33-38 cm 5.67 0.98 5.77 

209-1275D-34R-3, 109-113 cm 2.26 2.40 0.94 

209-1275D-36R-2, 120-128 cm 2.76 2.74 1.01 

209-1275D-38R-2, 98-103 cm 4.08 9.67 0.42 

209-1275D-38R-3, 123-127 cm 3.07 18.50 0.17 

209-1275D-39R-2, 134-138 cm 7.32 3.68 1.99 

209-1275D-40R-1, 115-118 cm 2.10 3.54 0.59 

209-1275D-42R-1, 111-119 cm 3.70 1.79 2.07 

209-1275D-43R-1, 66-70 cm 3.59 4.88 0.74 

209-1275D-43R-1, 66-70 cm 6.98 4.22 1.66 

209-1275D-43R-4, 75-79 cm 4.32 0.90 4.79 
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APPENDIX 4: SELECT CORE DESCRIPTIONS  

(Images of the cores can be found after the individual descriptions below. Text is 

obtained from the IODP Leg 209 core descriptions which can be found online at 

http://www-odp.tamu.edu/publications/209_IR/209TOC.HTM. Locations of the 

analyzed bulk rock samples along the cores are marked with a red box and labeled, 

in red, at the bottom of each core image. 

209-1270B-2R-1 (Section top: 12.40 mbsf) 

UNIT I: Oxide Gabbro/Gabbro 

Pieces 1–21 

COLOR: Gray 

PRIMARY MINERALOGY:  

 

Plagioclase  Mode  40%–45% 

Size   2–15 mm 

Shape/Habit Anhedral 

Clinopyroxene Mode  45% 

Size    1–17 mm 

Shape/Habit  Anhedral 

Oxide   Mode  10%–15% 

 

COMMENTS:  This section consists of oxide-rich gneissic gabbro. The upper part of 

the section (0-55 cm) is cataclastically  deformed to a much finer grain size. The 

lower part of the section (55-146 cm) has been deformed to a gneissic texture with 

variable grain-size reduction. Fine-grained oxides are distributed along grain 

boundaries between clinopyroxene-rich and plagioclase-rich  bands throughout the 

section. 

SECONDARY MINERALOGY: 

COMMENTS:  This section consists mainly of slightly altered oxide gabbro. 

However, in Pieces 5 to 11 the pyroxene is variably replaced by chlorite-amphibole-

talc aggregates. In this interval (19 to 55 cm) up to 80 % of the pyroxene crystals are 

pseudomorphed and locally plagioclase has been slightly altered (secondary 

plagioclase-chlorite-quartz). Pieces 1 and 2 are small fragments of exceptional, 

completely altered, talc-rich gabbro. 

VEIN ALTERATION:  Most of the section is weakly veined. Massive irregular 

chlorite- talc veins have variable talc/chlorite ratios and some veins may contain 

amphibole. Piece 6A contains a prominent example of the chlorite-talc veins. These 

http://www-odp.tamu.edu/publications/209_IR/209TOC.HTM
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veins crosscut the tectonic fabric of the gabbro and locally they are branched, 

following grain boundaries of pyroxenes. 

THIN SECTIONS:  Sample 1271B-2R-1, 24-27 cm 

STRUCTURE: 

Pieces 1 and 2 consist of highly altered serpentinized harzburgite. Piece 1 contains dense arrays 

of shear fractures and incipient brecciation. Crosscutting alteration vein relationships visible in 

Piece 2 (pebble). The remainder of the section consists of a strongly foliated porphyroclastic 

oxide metagabbro, which has not generally undergone a significant lower-temperature 

secondary amphibolite or greenschist facies static metamorphism, except as noted above. 

Porphyroclasts  of pyroxene have strong shape-preferred  dimensional orientations that define 

the crystal plastic (CP) foliation. Bands of recrystallized plagioclase and oxides and smaller 

plagioclase porphyroclasts,  which form the finer grained matrix around clinopyroxene 

porphyroclasts, also serve to define the crystal plastic foliation. Clinopyroxene is seldom as 

significantly recrystallized as plagioclase. Because less than 50 percent of the rock volume has 

generally undergone grain size reduction, the texture of the section is protomylonitic.  The 

foliation is inclined steeply at ~50° in the cut face of the core. Pieces 14 and 18 each contain 

open fractures (FR) with rough surfaces suggestive of little or no shear displacement.  These 

brittle deformation textures represent only a small degree of brittle shear deformation. 

Alteration veins are limited. Chlorite alteration veins (AV) cut Pieces 7, 14, 18, and 19, sulfide 

veins (SuV) cut Piece 4, and talc alteration veins (SAV) cut Piece 12. Crosscutting 

relationships indicate CP>AV>FR, CP>SuV.  
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                 209-1270B-2R-1, 100-105 cm 

90 cm 

100 cm 

110 cm 
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209-1270B-10M-1 (Section top: 45.80 mbsf) 

UNIT VII: Oxide Gabbro/Gabbro 

Pieces 1–23 

COLOR: Gray 

PRIMARY MINERALOGY:  

Plagioclase  Mode  50%–60% 

Size   3–7 mm 

Shape/Habit Euhedral to anhedral 

Clinopyroxene  Mode  40%–45% Size   2-15 mm 

Shape/Habit  Euhedral to anhedral 

Oxides   Mode 2%–8% 

 

COMMENTS:  The upper part of this core is a mixture of fine (Pieces 1, 6, and 7) and 

coarse (Pieces 2-5) oxide gabbro. Pieces 1, 6, and 7 have some grain-size 

variability even within individual Pieces. The lower portion of this section is the least 

deformed of any part of Hole 1270B. There is a very large ophitic clinopyroxene 

crystal in Piece 23 (70 by 40 mm). 

SECONDARY MINERALOGY: 

COMMENTS:  This section consists of fresh to slightly altered gabbro. Disseminated 

pyrite is locally present. 

VEIN ALTERATION:  The vein imprint is very weak in this section. Rare massive 

talc-chlorite veins occur at the lower margin of Piece 18A. 

THIN SECTIONS:  Samples 1270B-10M-1,  21-23 cm, 1270B-10M-1,  60-62 cm, 

1270B-117-120 cm, and 1270B-10M-1,  142-144 cm. 

 

STRUCTURE: 

The section consists of undeformed microgabbro (Pieces 7 and 8), to strongly foliated 

porphyroclastic  oxide metagabbro (Pieces 1-5, and 9-15), to very mildly or weakly deformed 

medium- to coarse grained oxide gabbro (Pieces 16-24), which have not generally undergone a 

significant lower-temperature secondary amphibolite or greenschist facies static 

metamorphism, except as noted above. Porphyroclasts  of pyroxene in deformed rocks have 

moderate to strong shape- preferred dimensional orientations that define the crystal plastic 

(CP) foliation. Bands of recrystallized plagioclase and oxides and smaller plagioclase 

porphyroclasts,  which form the finer grained matrix around clinopyroxene porphyroclasts,  also 

serve to define the crystal plastic foliation. Clinopyroxene is seldom as significantly 
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recrystallized  as plagioclase.  Because less than 50 percent of the rock volume has generally 

undergone grain size reduction, the texture of the section is protomylonitic,  however grain size 

reduction is very weak in Pieces 16-24 and there is only a weak foliation in these pieces. At the 

base of Piece 24, the weak foliation is subhorizontal Ductile shear zones in Pieces 3 and 4 are 

partially overprinted by brittle deformation in which shear fractures with unknown offset are 

filled and partially annealed by greenschist-grade alteration minerals. Alteration veins are 

sparse, often filling late fractures. Piece 7 contains irregular-shaped unfilled shear fracture and 

talc alteration vein. Pieces 3 and 16 contain sulfide veins. Pieces 7, 9, and 11; 14-19 contain 

sparse alteration veins.  
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209-1270B-10M-1, 99-105 cm 

80 cm 

90 cm 

100 cm 

110 cm 
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209-1270D-4R-1 (Section top: 23.40 mbsf) 

UNIT I: Harzburgite/dunite with gabbro 

Pieces 1–18 

COLOR: Green where harzburgitic,  gray where gabbroic.  

PRIMARY MINERALOGY: 

Olivine   Mode 85%–90% 

Orthopyroxene Mode 10%–15%  

  Size 2–10 mm  

  Shape/Habit Anhedral 

Spinel   Mode 1% 

 

COMMENTS:  This section consists of serpentinized  porphyroclastic to mylonitized 

harzburgite intruded by gabbroic melts prior to mylonitization.  The strong deformation  

of the rock makes the modal estimates unreliable. The upper part of the section (0 to 77 

cm) and the lower part (last 20 cm of the section) are very deformed with harzburgite 

domains preserved within the network of gabbroic intrusion(s). Coarse-grained  clasts of 

recrystallized  olivine have been observed in thin section (Sample 1270D-4R-1,  33-37 

cm). Between 77 and 112 cm the harzburgite looks less deformed and orthopyroxene  is 

distributed in bands. Between 112 and 131 cm a sample for microbiology  analyses was 

taken. Orthopyroxenes  and spinels appear to be fresh throughout the section. Abundant 

zircons have been found in thin section in Piece 7 (Sample 1270D-4R-1,  33- 37 cm) 

within the gabbroic domains. 

SECONDARY  MINERALOGY: 

This section is mainly composed of highly serpentinized, slightly weathered 

harzburgite with significant relict olivine and orthopyroxene  in reddish-black  patches. 

Rodingitized gabbro veins are developed in Pieces 4-7 and 9. In Piece 5 and 9 these are 

sigmoidal and orientated ± parallel to the foliation. Gabbro is dominated by Ca-silicates 

and chlorite. Some veins (Piece 6) change in mineralogy from amphibole-rich  to 

chlorite- prehnite rich. 

VEINS: 

The veining in this section, like the other sections at Hole 1270D, is dominated by 

serpentine/chrysotile veining ± varying proportions of hematite. Vein distribution and 

morphology also change systematically down the section. At the top are two 

generations of serpentine/chrysotile veins that appear to be closely related in terms of 

their composition and time of emplacement. Further down the core (e.g., Pieces 8-13) 

these two generations appear to be a single continuous generation of veins with fine 
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cross-fiber chrysotile vein networks extending from the tips of the more massive 

sigmoidal veins. Rare magnetite may be present in less heavily oxidized chrysotile 

veins (e.g., Piece 7). Hematite veins form a fine network that either crosscuts or joins 

earlier generations of serpentine/chrysotile veins and therefore postdates them. By 

Piece 8 this fine-grained  network becomes so intense as to grade into the background 

iron oxide / hydroxide alteration. 

THIN SECTIONS:  Samples 1270D-4R-1,  33-37 cm and 1270D-4R-1,  19-22 cm 

.STRUCTURE: 

The section conists of porphyroclastic harzburgite cut by  many pyroxenitic and gabbric 

magmatic veins (PMV and GMV), some of which are involved in high temperatue 

mylonitzation.  They appear to localize strain to the confines of the vein or the immediately 

adjacent wall rock. In  some pieces they are particularly dense (e.g., Piece 3 and 7).  Straight 

and irregular veins that approach the foliation plane of the harzburgites  in terms of orientation, 

typically form ductile shear zones within the vein and parallel to the vein margin. In thin 

section the veins are characterized by mylonitized plagiocclase  and clinopyroxene  that has 

been replaced by brown amphibole. Brown amphibole form the predominant porphyroclasts,  

with plagioclase usually recrystallized.  The deformed vein material incorporates  euhedral to 

subhedral zircon and apatite indicating somewhat evolved compositions  of melt within some 

of the veins that have been mylonitized at amphibolite facies of above. Deformation  appears 

to continue into the upper greenschist facies. Magmatic veins cut all pieces in the section and 

many have been transposed as schlieren into the foliation plane, but some remain undeformed.  

Deformed veins typically show banded structure, typical of mylonites, parallel to the vein 

walls. The veins typically engulf enclaves of harzburgite which appear stronger and less 

deformed than the  mylonitized veins, still preserving coarser porphyroclastic  textures. The 

enclaves are less recrystallized and preserve coarser grain sizes of olivine and pyroxne in 

excess of 4 mm. The crystal plastic (CP) foliation is inclined 30 degrees within harzburgite in 

the cut face of the core. Thicker magmatic veins (Piece 7) tend to be oriented subparallel to 

pyroxene foliation in the harzburgites  and thinner veins cut steeply across foliation and appear 

to join thicker ones. Serpentine veins are generally only of moderate intensity and intimately 

associated with the magmatic veins, At least two generations of serpentine veins visible in 

Pieces 8, 10, and 12. Late oxide veins are also present. Most of the pale green serpentine veins 

orthogonally  crosscut the magmatic veins with good examples visible in Pieces 11, 12, and 15. 

Piece 8 shows reverse faulting of serpentine vein. Dilatational cross fibers are present in 

chrysotle veins in Pieces 7 and 8. Piece 8 contains a narrow, high-intensity semi-brittle 

tremolite-talc schist shear zone that likely is overprinting a gabboic vein. Ductile shear zones in 

Pieces 2, 12, and 15 are overprinted by minor degrees of brittle and/or semi-brittle strain. 

Weak to moderate cross-fiber serpentine foliation intensity is present in Pieces 11, 12, and 13. 

Crosscutting relationships indicate CP> MV>SAV1>SAV2>FT.  
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209-1270D-4R-1, 40-46 cm 

30 cm 

40 cm 

50 cm 
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209-1270D-4R-2 (Section top: 24.90 mbsf) 

UNIT I: Harzburgite/dunite  with gabbro 

Pieces 1–10 

COLOR: Green where harzburgitic,  gray where gabbroic.  

PRIMARY MINERALOGY: 

Olivine   Mode 80% 

Orthopyroxene Mode 20% 

Size 2–10mm 

Shape/Habit Anhedral 

Spinel   Mode 1% 

 

COMMENTS:  This section (as the previous cores of Hole 1270D) is composed of serpentinized 

porphyroclastic  to mylonitized harzburgite mixed with gabbroic dikes. Two thin intervals of 

dunite are present in the sequence between 43-50 cm and 79- 86 cm.  Trains of spinel not parallel 

to mylonitization  have been observed in the harzburgite. Coarse-grained  clasts of recrystallized 

olivine were found in thin section (Sample 1270D-4R-2, Piece 5, 38-43 cm). 

SECONDARY  MINERALOGY: 

This section is mainly composed of highly serpentinized, slightly weathered harzburgite with 

significant relict olivine and orthopyroxene  in reddish-black  patches. Rodingitized gabbro veins 

are developed in Pieces 4-7, and 9. In Piece 5 and 9 these are sigmoidal and orientated ± parallel 

to the foliation. Gabbro is dominated by Ca-silicates and chlorite. Some veins (Piece 6) change in 

mineralogy from amphibole-rich  to chlorite-prehnite  rich. 

VEINS: 

Veining in this section of core is dominated by serpentine/chrysotile veins, (possibly two semi-

continuous generations),  that appear to be strongly related to the deformation  events to which 

the rock has been subjected. Throughout the core a set of sigmoidal serpentine veins are present 

oriented perpendicular  to shear zones with the orientation of their tips providing clear evidence 

of shear sense. At greater distances from the shear zone chrysotile veins with cross fibers are 

oriented subparallel to shear zones. In Pieces 1 to 3 the tips of the sigmoidal veins crosscutting 

the shear zone are commonly filled with chrysotile cross fibers and extend into a branched 

network of chrysotile veins (elsewhere described as a separate generation). This suggests that 

most of the serpentine veins in this core are roughly synchronous and associated with the 

deformation event(s). Locally, e.g., Pieces 4 to 6, a very fine network of hematite veins 

transitional to the highly oxidized background alteration is also present. 

THIN SECTIONS:  Sample 1270D-4R-2,  38-43 cm.  
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STRUCTURE: 

The section conists of porphyroclastic  harzburgite and dunite (Pieces 11) cut by many 

pyroxenitic and gabbric magmatic veins (PMV and GMV), some of which are involved in high 

temperatue mylonitzation. They appear to localize strain to the confines of the vein or the 

immediately  adjacent wall rock.. In some pieces they are particularly dense (e.g., Pieces 1 and 3). 

Straight and irregular veins that approach the foliation plane of the harzburgites in terms of 

orientation, typically form ductile shear zones within the vein and parallel to the vein margin. In 

thin section the veins are characterized by mylonitized plagiocclase and clinopyroxene that has 

been replaced by brown amphibole. Brown amphibole form the predominant porphyroclasts, with 

plagioclase usually recrystallized.  The deformed vein material incorporates euhedral to subhedral 

zircon and apatite indicating somewhat eveolved compositions  of melt within some of the veins 

that have been mylonitized at amphibolite facies of above. Deformation  appears to continue into 

the upper greenschist facies. Magmatic veins cut all pieces in the section, except Piece 6 and 

Piece 10) and many have been transposed as schlieren into the foliation plane, but some remain 

undeformed. Deformed veins commonly  show banded structure, typical of mylonites, parallel to 

the vein walls. Some veins appear to be composites of gabbro (center) and pyroxenite (e.g., Piece 

5). The veins typically engulf enclaves of harzburgite which appear stronger and less deformed 

than the  mylonitized veins, still preserving coarser porphyroclastic  textures. The enclaves are 

less recrystallized and preserve coarser grain sizes of olivine and pyroxne in excess of 4mm. The 

strong crystal plastic (CP) foliation is inclined 45° within harzburgite in the cut face of the core. 

Serpentine veins are generally only of moderate intensity and intimately associated with the 

magmatic veins. Two generations of serpentine veins visible in pieces 3 and 6. Late oxide veins 

also present. Some of the pale green serpentine veins orthogonally crosscut the magmatic veins 

with good examples visible in Pieces 2 and 3. Pieces 1 and 2 shows normal faulting of serpentine 

vein. Ductile shear zones within veins appear to have been overprinted by variable degrees of 

brittle to semi-brittle shear. There is a weak cross fiber serpentine foliation in Piece 10.  

Magmatic vein formation appears synkinematic with respect to crystal plastic deformation.  

Alteration veins are typically postkinematic  with respect to the crystal- plastic deformation.  

Crosscutting  relationships  indicate CP> MV>SAV1>SAV2>FT. 
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209-1270D-4R-2, 72-78 cm 

60 cm 

70 cm 

80 cm 
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209-1270D-5R-1 (Section top: 28.40 mbsf) 

U NIT I: Harzburgite/dunite with gabbro 

Pieces 1–7 

COLOR: Green where harzburgitic,  gray where gabbroic.  

PRIMARY MINERALOGY: 

Olivine   Mode 80%  

Orthopyroxene  Mode 20% 

Size 2–10mm 

Shape/Habit Anhedral 

Spinel   Mode 1% 

 

COMMENTS:  This section is composed of serpentinized  porphyroclastic to mylonitized 

harzburgite intruded by gabbroic melts prior mylonitization.  Because of the amount of 

deformation  and recrystallization, however, the modal composition  is not reliable. Large 

harzburgite domains are preserved showing that the primary grain size was coarse and granular. 

Neoblasts of orthopyroxene  recrystallized associated with recrystallized olivine have been 

observed in thin section (Sample 1270D-5R-1, Piece 5, 23-28 cm). 

SECONDARY  MINERALOGY: 

This section consists of highly altered harzburgite containing abundant amounts of fresh olivine 

and orthopyroxene.  Piece 2 has a sulfide veinlet and Piece 1 is highly Fe-oxide weathered. Pieces 

3 and 7 show rodigitization and the gabbroic intrusion appears to be sheared, producing foliation. 

VEINS: 

Sigmoidal, semi-continuous serpentine veins dominate the veining in this core and account for up 

to 3% of its volume. Mostly they are subparallel to the foliation of the rock (shear induced?) 

although rarely they are perpendicular  to areas of shear and the orientation of the tips gives a 

good sense of shear direction. Piece 2 contains a generation of veins not previously encountered 

at Hole 1270D. A box-like network cuts a fresher area of serpentinized harzburgite that comprises 

pyrite, chalcopyrite, and hematite. Pyrite and chalcopyrite  tend occur along the vein rims whereas 

hematite is commonly seen in the core. This is contrary to the relationship observed at Hole 

1268A. 

THIN SECTION: Sample 1270D-5R-1, 23-28 cm 

STRUCTURE: 

The section conists of porphyroclastic harzburgite and dunite (Pieces 11) cut by many pyroxenitic 

and gabbroic magmatic veins (PMV and GMV), some of which are involved in high temperature  
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mylonitization.  Most veins in this section have been transposed into the crystal plastic foliation 

direction in the harzburgite and appear as irregular schlieren, some with more felsic veins with 

brown amphibole nested within pyroxenitic or pyroxene-rich gabbroic material. In some cases, 

the original pyroxenitic vein material appears boudinaged.  The gabbroic veins appear to localize 

strain to the confines of the vein or the immediately adjacent wall rock. In  some pieces they are 

particularly dense (e.g., Piece 1,  3, and 7). Deformation  appears to continue into the upper 

greenschist facies. Ductile deformation  in a gabbro vein in Piece 1 appears to have been 

overprinted by minor semi-brittle deformation (SB) and growth of syntectonic greenschist-facies 

alteration minerals. Schlieren of deformed magmatic veins cut all pieces in the section. Deformed 

veins commonly show banded structure, typical of mylonites, parallel to the vein walls. The 

strong crystal plastic (CP) foliation is inclined ~45 degrees within harzburgite in the cut face of 

the core (in Piece 5). Serpentine veins are generally only of moderate intensity and intimately 

associated with the magmatic veins. Piece 3 shows serpentine veins bounding magmatic veins. 

Late oxide veins also present in Piece 4.Two generations of serpentine veins are visible in Piece 

5. Crosscutting  relationships  indicate CP=MV>SB>SAV.  
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209-1270D-5R-1, 30-34 cm 

20 cm 

30 cm 
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209-1274A-4R-1 (Section top: 21.3 mbsf) 

UNIT I: HARZBURGITE  

Pieces 1–8 

COLOR: Dark green/gray with localized orange/brown  weathering. 

PRIMARY MINERALOGY:  HARZBURGITE  AND DUNITE 

Olivine   Mode 73%–92%  

Orthopyroxene Mode 8%–25% 

Size   1–15 mm 

Shape/Habit Anhedral 

Clinopyroxene  Mode < 1%  

Size   1–3 mm  

Shape/Habit Anhedral 

Spinel    Mode <1% Size   1–4 mm  

   Shape/Habit Vermicular 

 

COMMENTS: This core consists of moderately altered harzburgite and dunite. A low 

abundance of clinopyroxene is present. In Piece 2, orthopyroxene abundance is low 

(~15%) between 17-33 cm. Piece 4 is a highly altered pebble. Piece 5 is more intensely 

altered than other parts of the section. Piece 7 is a small pebble of dunite. In places, 

orthopyroxene  grains interstitially surround olivine. Spinel occurs as isolated granular 

grains or vermicular grains associated with orthopyroxene.  Texture of this section is 

protogranular  to partly weakly porphyroclastic. 

SECONDARY MINERALOGY: 

COMMENTS: The core is composed of highly altered harzburgite. Average olivine 

alteration is approximately  93% with fresh olivine heterogeneously distributed in the 

cores of serpentine mesh textures. Fresh orthopyroxene  occurs in all pieces. 

Orthopyroxene  is commonly altered to bastite and thin coronas of dark green 

serpentine. Spinel is present in all pieces. 

VEIN ALTERATION: 

The most prominent veins of this section are carbonate veins with iron oxyhydroxide 

and clay-rich halos. The carbonate forms dense clusters of radiating acicular crystals 

(aragonite?)  that are commonly exposed on the edges of pieces. Serpentine veining 

may amount to as much as 3% of the section and comprises two generations of 

sigmoidal chrysotile veins and a composite chrysotile/picrolite  veins. 

 THIN SECTIONS: Sample 1274A-4R-1, 52-54 cm. 
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STRUCTURE: 

The section consists of serpentinized  harzburgite with dominantly protogranular textures. 

Spinel textures are generally holly leaf to symplectic around orthopyroxene. Pieces 1 and 2 

have a well defined crystal-plastic foliation defined by the preferred dimensional orientation of 

pyroxene grains that is inclined 45 degrees in the cut face of the core. Piece 5 has a weak 

porphyroclastic  texture and a well-defined crystal plastic foliation inclined at 62 degrees. It 

also contains a parallel serpentine foliation. The remainder of the section has ill-defined 

crystal-plastic structure. There is modal variation in pyroxene content in the section and the 

enstatite-poor  harzburgite appear to have a stronger crystal-plastic  foliation. There is very 

little brittle deformation within this section. Piece 1 has low densities of fine serpentine-filled 

shear fractures. Piece 8 has moderate concentrations  of shear fractures within a 2 cm wide 

zone of altered serpentinite.  Pieces 1 through 8 exhibit weak cross fiber serpentine foliation. 

Wispy small chrysotile veins occur in Pieces 1-8. Carbonate veins cut Pieces 2 and 5. Early 

generation of small green serpentine veins occur in Piece 5. Rare long thin white serpentine 

veins with wall rock alteration cut Piece 55.  
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209-1274A-4R-1, 30-36 cm 

209-1274A-4R-1, 90-95 cm 

Analysis Performed 

Physical property  

Paleomagnetic  

30 cm 

50 cm 

40 cm 

60 cm 

70 cm 

80 cm 

90 cm 
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209-1275B-6R-1 (Section top: 27.6 mbsf) 

UNIT-I: DIABASE/OXIDE  GABBRO 

Pieces 1 – 8  

COLOR: Grayish-green  to white  

PRIMARY MINERALOGY:  

Plagioclase  Mode  65% 

Size   2 mm 

Shape/Habit  Euhedral 

Pyroxene  Mode   30%  

Size   1-2 mm 

Shape/Habit  Subhedral - Euhedral 

Oxide   Mode   5% 

 

COMMENTS: This section of the core is composed entirely of microgabbro to fine- grained 

gabbro. Diabase is included in Pieces 2 and 8. In Piece 8 the diabase is surrounded by finer 

grained gabbro and in places by the coarsest gabbro in the section. 

UNIT-II: TROCTOLITE  

Pieces 9-23 

COLOR: Dark gray to dark green 

PRIMARY MINERALOGY:  

Olivine  Mode  75% 

Size   4 mm 

Shape/Habit  Rounded/Equant 

Plagioclase  Mode  25%  

Size   2 mm  

Shape/Habit Interstitial 

Pyroxenes  Mode   Tr 

Shape/Habit Interstitial 

Oxide  Mode  Tr 

 

COMMENTS: This section of the core is composed entirely of medium-grained troctolite. 

The olivine is rounded and surrounded by interstitial plagioclase, pyroxenes, and amphibole. 

Piece 11 is cut by a 1.3 cm thick oxide gabbro dike. Piece 21 is also cut by gabbro but it is 

too altered to determine its character. 
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SECONDARY MINERALOGY: 

The section is composed of moderately to completely altered diabase, gabbro, gabbroic 

veins, and troctolite. The gabbro in Pieces 1-8 is similar in alteration style and intensity to 

that of Core 1275B-5R. Olivine in the troctolite is 20-50% altered to talc, serpentine, and 

oxide. There is some iddingitization of olivine indicated by the development  of red clay+Fe-

oxyhydroxide and carbonate. Clinopyroxene  is 30-70% altered to chlorite, and plagioclase is 

80-90% altered to chlorite and talc. Gabbro veins in troctolite are completely altered to 

amphibole, chlorite, and sphene. 

METAMORPHIC  VEINS: 

Pieces 1-7 and 21 have rare, wispy, red chlorite-hematite veins. Pieces 8 hosts amphibole 

veins in the diabase xenolith in gabbro. Veining in the troctolite (Pieces 9- 16) is dominated 

by serpentine-carbonate veins that make up between 0.2 and 0.5% of the core volume. Black, 

anastomosing serpentine-magnetite veins in Pieces 9 and 10 are cut by these serpentine-

carbonate veins. Pieces 9 and 10 also show red clay- carbonate-hematite veins. Piece 11 

hosts a prominent black amphibole-chlorite vein (1.5 Vol.% of this piece). Pieces 18-20 and 

22-23 have no veins. 

THIN SECTIONS:  Samples 1275B-6R-1,  61-64 cm and 1275B-6R-1,  70-75 cm 

STRUCTURE: 

The section consists of diabase (Piece 3), varitextured gabbro (Pieces 1-3, 5-8) and melano-

troctolite to, locally, dunite, feldspathic dunites, and feldspathic wehrlites (Pieces 9-23). 

Mutually intrusive relationships  exist for diabase and gabbroic samples. Piece 4 is a diabase 

intruded by gabbro. Pieces 1 and 8 are gabbro containing diabase xenoliths. There are no 

crystal-plastic  deformation  obvious within the section. Gabbroic veins cut Pieces 11 and 1, 

which are  melano-troctolites Pieces 12, 13 and 15 contain lithologic contacts between 

melanotroctolite  and dunite, feldspathic dunite, and feldspathic wehrlites. Each type of rock 

contains dominantly olivine, with varying proportions of plagiolcase and clinopyroxene as 

interstitial phases defining contacts. Pieces 1- 5, 7 and 21 have rare chlorite- hematite veins. 

Piece 8 is cut by amphibole veins in the diabase inclusion. Early black, anastomosing  

serpentine-magnetite veins in Pieces 9, 10 and 11 are cut white serpentine veins and 

crosscutting  carbonate veins. One anastomosing serpentine vein set cuts an earlier one in 

Pieces 12-23.  The white serpentine veins are crosscut by carbonate veins. Pieces 6, 19 and 

23 have no veins. Pieces 2 and 5 are cohesive cataclastic breccia. Angular to subangular 

fragments of gabbro, pyroxene crystals and diabase (0.1 cm to 2 cm) are supported by a 

chlorite-rich matrix. Pieces 3 and 4 are cut by chlorite-filled  shear fractures with incipient 

brecciation in some locations. Pieces 1, 11, 15, 16 and 17 are cut by planar to slightly 

anastomosing shear fractures with little to no offset. 
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209-1275B-6R-1, 53-57 cm 

209-1275B-6R-1, 71-76 cm 

45 cm 

55 cm 

65 cm 

75 cm 



127 
 

209-1275B-6R-2 (Section top: 29.06 mbsf) 

UNIT-II: TROCTOLITE  

Pieces 1-11 

COLOR: Green to black to red 

PRIMARY MINERALOGY:  

Olivine  Mode  80-90% 

Size   4 mm 

Shape/Habit Rounded/Equant 

Plagioclase  Mode  5-10%  

Size   1-3 mm  

Shape/Habit Interstitial 

Pyroxenes  Mode   0-15%  

Shape/Habit  Interstitial 

Oxide   Mode   0-1% 

 

COMMENTS:  This section is composed entirely of medium grained troctolite. The olivine 

is rounded and surrounded by interstitial plagioclase, pyroxenes, and amphibole. The top of 

Piece 4 (24-32 cm) has abundant poikilitic pyroxene. Gabbroic dikes (now altered) cut the 

lower part of Piece 4 and along the long dimension of Piece 5. The modal plagioclase in is 

more variable in Pieces 7-11 defining plagioclase-rich bands in Piece 8 with local contents as 

high as 20%. 

SECONDARY  MINERALOGY: 

The section is composed of moderately to highly altered troctolite. Olivine is 20-60% altered 

to serpentine, talc, and oxide. Orthopyroxene  oikocrysts are 10-70% altered to talc and 

chlorite, and plagioclase is 60-80% altered to chlorite and minor amphibole. The partial 

replacement  of olivine and plagioclase produced pronounced, zoned reaction coronas of 

chlorite (after plagioclase)  and talc (after olivine). Magmatic veins in troctolite are 

completely altered to amphibole, chlorite, talc, and sphene. The presence of zircon suggests 

they represent late-stage felsic veins. 

METAMORPHIC  VEINS: 

Composite picrolite-chrysotile-carbonate veins are present in Pieces 1-3 and 10. Pieces 4-8 

show green to brown picrolite-hematite veins in cross-fractures associated with a prominent 

gabbroic vein. 
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THIN SECTIONS: Sample 1275B-6R-2, 27-30 cm and 1275B-6R-2, 57-61, and 

1275B-6R-2, 102-105 cm 

 

STRUCTURE: 

The section generally consists of feldspathic to wehrlitic dunite and melanotroctolitic pieces. 

The rocks have an olivine framework and interstitial plagioclase or clinopyroxene.  Piece 6 is 

an exception in that it contains a contact with a diabase dike and a troctolite. Pieces 3-5 and 

7-8 are cut by gabbroic veins. Piece 5 is a complex mixture of feldspathic dunite, wehrlite, 

and troctolite. There is no evidence of high temperature crystal-plastic deformation. Piece 5 

shows two generations of serpentine veins; one follows the trace of a gabbroic vein, the other 

fills tension cracks in both the serpentine vein and the magmatic vein. Piece 8 shows gently 

dipping green serpentine veins with shear fibers cut by late dark green serpentine veins. 

Gabbroic veins in Pieces 3-5, and 7 and 8 associated with green serpentine + clay/oxide 

filled tension cracks Pieces 1, 2, 10 and 11 contain branching/anastomosing serpentine veins.  

Pieces 6 and 7 show increased serpentine and carbonate veining associated with contacts. 

Pieces 1 and 6 contain late thin carbonate veins. Pieces 6 and 7 are cut by anastomosting, 

mineralized shear fractures near the margins of a diabase dike. Total offset along fractures is 

unknown.  



129 
 

 

                        
209-1275B-6R-2, 94-98 cm 

75 cm 

85 cm 

95 cm 
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209-1275B-7R-1 (Section top: 32.3 mbsf) 

UNIT-II: TROCTOLITE  

Pieces 1-13 

COLOR: Green to white with black and red domains 

PRIMARY MINERALOGY: 

Olivine  Mode  60-75% 

Size   4 mm 

Shape/Habit  Rounded/Equant 

Plagioclase  Mode  25-40%  

Size   1-3 mm  

Shape/Habit Interstitial 

Pyroxene  Mode   Tr 

Shape/Habit  Interstitial 

Oxide   Mode   0-1% 

 

COMMENTS:  This section of the core contains a short interval of gabbro near its top 

(Pieces 1-2, 0 – 6 cm) that may represent pebbles fallen from higher in the hole. The rest of 

the section is composed primarily of medium grained troctolite. The olivine is rounded and 

surrounded by interstitial plagioclase, pyroxenes and amphibole. Piece 4 is a breccia with 

clasts of troctolite in a gabbroic matrix. 

UNIT-III: OXIDE GABBRO  

Pieces 14-15 

COLOR: Green 

PRIMARY MINERALOGY:  

Plagioclase  Mode  50% 

Size   1.5 mm 

Shape/Habit Euhedral 

Pyroxene  Mode  45%  

Size   1 mm  

Shape/Habit  Subhedral 

Oxide   Mode   5% 

 

COMMENTS:  The last two pieces of the core (Pieces 14 and 15) are a fine-grained gabbro. 

This gabbro has a distinctively higher magnetic susceptibility than the gabbro of Unit-I 
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SECONDARY MINERALOGY: 

The section is composed of highly to very highly altered troctolite and moderately altered 

gabbro. Olivine in the troctolite is 20-60% altered, dominantly to talc and oxide with only 

minor serpentine. Plagioclase is 90-100% altered to chlorite and minor amphibole. The 

partial replacement  of olivine and plagioclase produced pronounced, zoned reaction coronas 

of chlorite (after plagioclase) and talc (after olivine). Gabbroic dikes in troctolite (Pieces 8-

13) are very highly to completely altered to chlorite, talc, and amphibole. The oxide gabbro 

is 40% altered to amphibole (after clinopyroxene  and plagioclase)  and chlorite+secondary 

plagioclase (after plagioclase). 

METAMORPHIC VEINS: 

Green and greenish-black chlorite-amphibole  veins are present in Pieces 3-4 and 8- 9, where 

they account for ~0.5% of the core volume. In addition, Pieces 8-9 have light green 

chrysotile veinlets that are cut by green composite picrolite-carbonate- hematite veins. Pieces 

10-13 have black picrolite-magnetite veins that are cut by green picrolite veins with traces of 

hematite and sulfide. Both vein types are cut by white to green composite picrolite-

carbonate-hematite veins. The gabbro in Pieces 14 and 15 has minor (0.2 vol.%) red clay-

hematite veins. 

THIN SECTIONS:  Sample 1275B-7R-1,  54-59 cm 

STRUCTURE: 

The section consists of varitextured oxide gabbro (Pieces 1-7) and troctolite (Pieces 8-15), 

commonly in  contact with gabbroic veins which crosscut them and appear to form a net vein 

breccia. Olivine in the troctolite tends to be rounded with interstitial plagioclase or pyroxene, 

now highly altered. The grain shapes and textures indicate a lack of crystal-plastic 

deformation in both the gabbroic and troctolitic rocks. They both preserve igneous textures, 

although highly altered. Pieces 1, 2, 14 and 15 have rare small chlorite-amphibole veins that 

cut carbonate oxide veins. Pieces 8-13 have early thin black serpentine veins cut by large 

gray-green serpentine veins which are in turn cut by composite white serpentine-filled  

tension gashes and thin carbonate veins. Pieces 4 through 8 contain zones of hydrothermal 

brecciation in which fractures are filled with chlorite and other alteration minerals. There is 

some possible shear displacement  along fractures. Piece 10 has a low density of open 

fractures.  
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209-1275B-7R-1, 65-70 cm 

50 cm 

60 cm 

70 cm 
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209-1275B-12R-2 (Section top: 57.47 mbsf) 

UNIT-III: OXIDE GABBRO  

Pieces 1-4 

COLOR: Gray 

PRIMARY MINERALOGY:  

Plagioclase  Mode  60% 

Size   0.2 – 3.5 mm 

Shape/Habit Euhedral 

Pyroxene  Mode  35% 

Size   0.2 – 3 mm 

Shape/Habit  Subhedral 

Oxide   Mode   8% 

 

COMMENTS:  This core contains a mixture of microgabbro  and fine-grained  gabbro. This 

section has a long initial piece (Piece 1 is ~90 cm) that shows continuous grain size 

variations from microgabbro  to fine-grained  gabbro. Microgabbro  domains are not well-

defined bands as elsewhere, but have more of an irregular patch shape. In some places the 

grain-size boundaries are sharp but not smooth. A weak foliation is developed that is 

subparallel to the microgabbro-gabbro boundaries. 

SECONDARY MINERALOGY: 

Alteration intensity in this section averages about 25%. The principal secondary mineral is 

amphibole (both green and brown). Chlorite is limited to rare patches, in which it seems to 

replace clinopyroxene. Trace amounts of hematite, quartz, and secondary plagioclase are also 

present. 

METAMORPHIC VEINS: 

Only small, black amphibole veins are developed in this section. 

THIN SECTIONS:  Samples 1275B-12R-2,  57-60 cm, 1275B-12R-2,  86-89 cm, and 

1275B-12R-2, 104-107 

 

STRUCTURE: 

The section consists of interlayered or banded coarse, medium  and fine grained oxide 

gabbros. The top of Piece 1 and Piece 4 are cut by a trondhjemitic  veins. The layering or 

oxide banding in the section is generally defined by grain size changes and changes in the 

modal percentage of mineral phases, especially oxide content, with both melanocratic to 

felsic gabbroic layers also present. Layer boundaries occur all pieces and are commonly 
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curviplanar to planar. Layers  range in attitude from horizontal (Piece 10) to gently inclined 

up to approximately 10 degrees in the cut face of the core (e.g. Piece  1). There is no crystal-

plastic  deformation  in the section and the textures are igneous. Piece 1A has a chlorite vein 

within the felsic magmatic vein and. Piece 1B has thin black amphibole veins and subvertical 

chlorite veins. Pieces 2-4 show chlorite veins increasing in intensity in Pieces 3 and 4 related 

to fracture. Piece 4 also has felsic veins. Pieces 3 and 4 are cut by chlorite and/or amphibole-

filled  shear fractures. Pieces 1 and 2 contain low densities of open fractures.  
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209-1275B-12R-2, 36-41 cm 

20 cm 

30 cm 

40 cm 

50 cm 
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209-1275B-18R-1 (Section top: 85.1 mbsf) 

UNIT-III: OXIDE GABBRO  

Pieces 1-12 

COLOR: Gray to orange-gray  and white 

PRIMARY MINERALOGY:  

Plagioclase  Mode  60% 

Size   2-3 mm 

Shape/Habit Euhedral 

Pyroxene  Mode  35%  

Size   4 mm  

Shape/Habit  Subhedral 

Oxide   Mode   5% 

 

COMMENTS:  The section contains a mixture of gabbroic materials. Pieces 1-5 (0-34 cm) 

are foliated, fine-grained  gabbro. Pieces 6-8 (34-54 cm) are aphyric diabase. The diabase in 

Piece 7 is cut by a granophyric dike. Piece 9 has an angular piece of gabbro that is enclosed 

in granophyre. The lower portion of the piece has been partially reacted changing the original 

pyroxenes into coarse-grained  amphibole. Piece 10 is composed of granophyre with part of 

it being amphibole-rich  – possibly representing a completely reacted piece of gabbro. Pieces 

11 and12 are intimately mixed microgabbro  and gabbro. 

SECONDARY  MINERALOGY: 

Alteration intensity in this section varies from 10% to 40%. Alteration is highest in Pieces 9 

and 10 in proximity to highly amphibole-secondary plagioclase-carbonate altered felsic dikes 

(granophyres). Similar to the previous sections, alteration is predominantly  to green and 

brown amphibole after clinopyroxene  with minor secondary plagioclase,  hematite, and 

sphene. Diabase (Pieces 7 and 8) appears less altered (10%) than gabbro. Pieces 1-5 and 11-

12 show variable degrees of oxidative alteration. 

METAMORPHIC  VEINS: 

Pieces 1-3 have rare, red clay-hematite veins. Pieces 9-10 host green, soft chlorite/clay  veins 

that make up about 1 vol.% of the core. Pieces 4-8 have no metamorphic  veins. 

THIN SECTIONS: Sample 1275B-18R-1, 66-70 cm 

STRUCTURE: 

The section consists of interlayered fine to medium to coarse-grained  oxide gabbro and 

oxide microgabbo.  The layering or banding is generally defined by grain size changes, but is 
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commonly associated with changes in the modal percentage of mineral phases, especially 

oxide minerals. The layering is variably inclined ranging up to 45 degrees in the cut face of 

the core (e.g., Piece 12).  Pieces 6, 8, 9 and 10 are cut by granophyric veins and Piece 9 is net 

veined by them. The granophyric contains  xenoliths of diabase as well as gabbro. There is 

no evidence of crystal plastic deformation  in the section. Pieces 5, 9 and 10 are cut by 

planar, amphibole- filled shear fractures. Pieces 6, 7 and 8 are cut by irregular, undulatory 

open fractures. Pieces 1, 9 and 10 are cut by green chlorite/amphibole veins and Piece 2 is 

cut by green/black amphibole veins.  
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209-1275B-18R-1, 20-26 cm 

209-1275B-18R-1, 40-45 cm 

15 cm 

25 cm 

35 cm 

45 cm 
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209-1275B-19R-3 (Section top: 91.55 mbsf) 

UNIT-III: OXIDE GABBRO  

Pieces 1-2 

COLOR: Gray and white 

PRIMARY MINERALOGY:  

Plagioclase  Mode  60% 

Size   2.5 mm 

Shape/Habit Euhedral 

Pyroxene  Mode  30%  

Size   2 mm  

Shape/Habit  Subhedral 

Oxide   Mode   10% 

 

COMMENTS:  This section of core contains a mixture microgabbro  (25%) and fine- to 

medium-grained gabbro (63%) with lesser amounts of coarse-grained  gabbro (8%) and 

granophyre (4%). The granophyre occurs as a thin dikelet extending from 51-72 cm and in 

local patches at 17 cm and 78 cm. The coarse-grained  gabbro is found in two short intervals 

between 14 and 18 cm and again at 38-42 cm. In Piece 2 the microgabbro and gabbro are 

segregated into bands but the boundaries are not planar and are more similar to swirled 

contacts, not sheared, described elsewhere. 

SECONDARY  MINERALOGY: 

The gabbro in this section is about 20% altered, dominantly to green amphibole after 

clinopyroxene. Felsic veins in Piece 1 (50-70 cm) are composed mainly of plagioclase and 

quartz and are slightly altered to amphibole and secondary plagioclase. 

METAMORPHIC VEINS: 

This section hosts minor black amphibole-chlorite veins and green chlorite veins that use 

magmatic veins, in particular in the interval from 92 to 104 cm. 

THIN SECTIONS: Samples 1275B-19R-3, 58-62 cm and 1275B-19R-3, 125-128 cm 

STRUCTURE: 

The section consists of interlayered fine to medium to coarse-grained  oxide gabbro, cut by 

leucogabbroic  to granophyric veins in Pieces 1 and 2. A granophyric vein in Piece 1 

contains xenoliths of gabbro. The layering or banding is generally defined by grain size 

changes and changes in the modal percentage of mineral phases, especially oxide minerals 

and plagioclase. Layering is irregular and non-systematic 



140 
 

in Piece 1, but becomes more planar and regular at the base of Piece 2. Planar layering is 

variably inclined, but typically has an inclination of approximately  43 degrees in the cut face 

of the core (e.g., Piece 2). There is no evidence of crystal plastic deformation  in the section 

and there is no brittle shear deformation  in this section. Both black amphibole and green 

chlorite veins cut Pieces 1 and 2 and thin green chlorite veins are contained within in the 

granophyric veins seen in interval 53-86 cm.  
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209-1275B-19R-3, 54-58 cm 

50 cm 
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209-1275D-2R-2 (Section top: 9.49 mbsf) 

UNIT-I: Troctolite 

Pieces 1-26 

COLOR: Greenish gray and gray to black 

PRIMARY MINERALOGY: TROCTOLITE  AND OLIVINE GABBRO  

Olivine  Mode  70%-95% 

Size   < 8 mm 

Shape/Habit  Subhedral 

Plagioclase  Mode  5%-10%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%-10%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   < 1 % 

 

COMMENTS: This section consists of troctolite or troctolitic dunite with pyroxenes. 

Pyroxenes and plagioclase are interstitial between, or poikilitically enclosing, subhedral 

olivine grains. The troctolite is intruded by gabbroic material. The mineralogy of the 

gabbroic material cannot be determined because of severe alteration. Piece 28 contains a 

contact between troctolite and gabbro. 

SECONDARY  MINERALOGY: 

This section is composed of gray black highly to completely altered troctolite which hosts 

highly chlorite-amphibole  altered greenish microgabbro. The center of this gabbro unit is 

coarser grained and show less intense alteration. The gray domains of the troctolite are 

highly talc-altered. Piece 3 has noticeable amounts of fresh olivine. 

METAMORPHIC  VEINS: 

Pieces 1-10 have a network of black amphibole-chlorite veins that makes up 2 vol.% of the 

core. These veins are used by later, brown clay-oxide veins. Pieces 11-22 also show black 

amphibole-chlorite veins (0.5-1 vol.%) that are cut by cream-colored carbonate-clay  veins 

(0.5 vol.%) in Pieces 11-12. Pieces 23-26 have no veins. 

THIN SECTIONS: Sample 1275D-2R-2, 97-100 cm 
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STRUCTURE: 

The section consists of highly altered troctolite, feldspathic dunite, feldspathic wehrlite and 

locally dunite intruded by multiple veins of gabbroic composition. Pieces of gabbro that are 

similar to the gabbroic vein material intruding troctolite and related ultramafic rocks are also 

present and commonly enclose troctolitic or associated ultramafic rocks, e.g. dunite, as 

xenoliths. The gabbroic veins are highly altered. These gabbroic rocks were probably part of 

a net vein breccia. Olivine is the most abundant phase in most of the troctolitic and 

ultramafic rocks and tends to be subrounded  to ovoid with no shape-preferred dimensional  

orientation. There are variable amounts of interstitial phases resulting in patchy distributions  

of the rock types listed above even within a single piece. Interstitial areas between olivine 

contain altered plagioclase and/or pyroxene and the texture appears igneous and sometimes 

poikolitic, with either plagioclase or pyroxene as the oikocrystic phase surrounding  olivine. 

Olivine grain size is well defined by the interstitial material and can reach as large as 1 cm. It 

has clearly not undergone dynamic recrystallization. It has been overprinted statically by 

alteration phases. The contribution to the interstitial phases made by the crosscutting  

gabbroic veins is not clear and some seem to cut cleanly across pieces. Other veins appear to 

have gradational boundaries with the adjacent troctolitic and ultramafic rocks they invade. 

There is no mesoscopic  evidence of high temperature  crystal plastic deformation  of the 

primary phases. Pieces 1 and 2 contain zones of protocataclasite  breccia with green 

amphibole along fracture planes and forming matrix in some locations. Piece 3 contains high 

concentrations of shear fractures. Pieces 4, 5, 12-15, and 22-26 are cut by branching zones of 

green amphibole matrix cataclasite. Pieces 16 through 21 are gabbros cut by numerous shear 

fractures with incipient brecciation. Piece 8 contains a semi-brittle shear zone along a 

chlorite vein with slickenfibers. Pieces 6 and 9 contain high concentrations  of shear fractures 

filled with green amphibole. Pieces 7, 10 and 11 are cut by minor shear fractures filled with 

green amphibole. Pieces 1-13 contain green-black amphibole veins and rare late red clay-

oxide- carbonate veins. Pieces 18 and 19 are cut by fine black amphibole veins cut by 

carbonate veins. 
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209-1275D-2R-2, 27-32 cm 

20 cm 

30 cm 

40 cm 
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209-1275D-5R-1 (Section top: 22.6 mbsf) 

UNIT-I: Troctolite 

Pieces 1, 2 

COLOR: Whitish gray to green 

PRIMARY MINERALOGY: DIABASE/GABBRO 

Plagioclase  Mode  50%  

Size   < 7 mm  

Shape/Habit Euhedral 

Pyroxene  Mode  50%  

Size   < 6 mm  

Shape/Habit Subhedral 

Oxide   Mode   tr 

 

COMMENTS:  The top of this section consists of two pieces of mafic rocks, diabase and 

gabbro. Piece 1 is diabase and Piece 2 is coarse-grained  gabbro. 

Pieces 3-26 

COLOR: Grayish-green to brown and red and black domains  

PRIMARY MINERALOGY: TROCTOLITE  AND GABBRO DIKE  

Olivine  Mode  70%-95% 

Size   < 8 mm 

Shape/Habit Subhedral 

Plagioclase  Mode  5%-10%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%-10%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   < 1 % 

 

COMMENTS: This section consists of troctolite or troctolitic dunite with pyroxenes. Gabbro 

dikes intrude the troctolites. They are very altered. 

SECONDARY MINERALOGY: 

This section is composed of highly altered gabbro (Pieces 1-2) and highly to completely 

altered troctolite and gabbroic dikes. Olivine in troctolite is commonly serpentinized. Olivine 

relicts are partially affected by oxidative alteration to clay, Fe- oxyhydroxide,  and carbonate. 
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Orthopyroxene  in the troctolites is altered to amphibole, plagioclase is altered to chlorite. 

Alteration in the gabbro is amphibole after clinopyroxene  and minor secondary plagioclase 

and amphibole after plagioclase. 

METAMORPHIC VEINS: 

Pieces 1-2 have minor brown clay-oxide veinlets. The rest of the section shows a network of 

gray to white chlorite/clay-carbonate veins that makes up between 1 and 3 vol.% of 

Individual pieces. Pieces 13-23 have massive, light green picrolite veins that use magmatic 

veins and make up 3 vol.% of the core. 

STRUCTURE: 

The section consists of highly altered troctolite, feldspathic dunite and feldspathic wehrlite  

intruded by multiple veins of gabbroic composition.The  gabbroic veins are highly altered. 

Olivine is the most abundant phase in the troctolitic and ultramafic rocks and tends to be 

subrounded  to ovoid with no shape-preferred dimensional orientation. There are variable 

amounts of interstitial phases resulting in patchy distributions of the rock types listed above 

even within a single piece. Interstitial areas between olivine contain altered plagioclase 

and/or pyroxene and the texture appears igneous and commonly poikilitic, with either 

plagioclase or pyroxene as the oikocrystic phase surrounding  olivine. Olivine grain sizes are 

well defined by the interstitial material and can reach as large as 1 cm. Olivine has clearly 

not undergone grain size reduction by dynamic recrystallization.  It has been overprinted 

statically by alteration phases that preserve the original igneous texture. The contribution to 

the interstitial phases made by the crosscutting  gabbroic veins is not clear and some seem to 

cut cleanly across pieces (e.g., Piece 8). Others appear to have gradational boundaries with 

the adjacent troctolitic and ultramafic rocks they invade (e.g., Piece 16). There is no 

mesoscopic evidence of high temperature crystal plastic deformation of the primary phases. 

Pieces 1-2, 22-23 and  25-26 contain minor shear fractures. Pieces 3 and 21 contain a semi-

brittle shear zone within a schistose chlorite vein that follows a magmatic vein. Pieces 4 

through 15 are cut by minor semi-brittle shear zones along chlorite veins that follow 

magmatic veins. Piece 16 contains a chlorite fault with 4 cm offset within a schistose chlorite 

vein. Pieces 17 through 20 are cut by high densities of shear fractures. Piece 24 is cut by a 3 

cm wide subvertical chlorite and/or amphibole matrix cohesive fault breccia. Pieces 3-26 are 

cut by green amphibole-chlorite veins, which often use the earlier magmatic veins as 

conduits. Later carbonate-clay  veins cut these veins. 
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209-1275D-5R-1, 34-40 cm 

30 cm 

40 cm 

50 cm 
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209-1275D-8R-1 (Section top: 36.6 mbsf) 

UNIT-I: Troctolite 

Pieces 1-7, 9-12, 17-18 

COLOR: Green to gray and red 

PRIMARY MINERALOGY:  TROCTOLITE  

Olivine  Mode  85% 

Size   < 8 mm 

Shape/Habit Subhedral 

Plagioclase  Mode  10%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   <1% 

 

COMMENTS: Highly altered troctolite or troctolitic dunite with oikocrysts of plagioclase 

and pyroxenes, intruded and brecciated by very fine-grained  gabbroic material (diabase). 

Piece 10 is cut be a 2.5 cm thick gabbro dike. 

Pieces 8, 13-16 

COLOR: Greenish-gray 

PRIMARY MINERALOGY:  DIABASE COMMENTS: Small pebbles of aphyric diabase.  

SECONDARY  MINERALOGY: 

This section shows a succession of moderately to highly altered microgabbro and highly to 

very highly altered troctolitic rocks. Olivine in the troctolitic rocks is highly serpentinized 

(70-85% altered). Relict olivine is partially iddingsitized (rich in carbonate) in reddish 

domains. Plagioclase is highly altered to chlorite. Talc- alteration is limited to contacts to 

microgabbro intrusions. The microgabbros are partially altered to chlorite, amphibole, and 

talc. Plagioclase in the microgabbros is <10% altered to secondary plagioclase and 

chlorite/smectite. 

METAMORPHIC VEINS: 

Pieces 1-5 host light green picrolite-talc  veins with coarse magnetite. Pieces 6-12 have 

composite grayish-green  serpentine-carbonate veins that make up 2 vol.% of the core. Pieces 
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13-16 show minor amphibole-chlorite veining. Pieces 17-18 have few green picrolite veins 

that are cut by coarse-grained  carbonate veins. 

THIN SECTIONS:  Sample 1275D-8R-1,  128-133 cm 

STRUCTURE: 

The section consists of highly altered troctolite, feldspathic dunite and feldspathic wehrlite 

intruded by multiple veins of gabbroic composition.  The gabbroic veins are highly altered. 

Pieces 8, 14-17 are diabases. Olivine is abundant in the troctolitic and ultramafic rocks and 

tends to be subrounded to ovoid to somewhat elongate. It, however, has no shape-preferred  

dimensional orientation. There are variable amounts of interstitial phases resulting in patchy 

distributions of the rock types listed above even within a single piece. Interstitial areas 

between olivine contain altered plagioclase and/or pyroxene and the texture appears igneous 

and commonly poikilitic, with either plagioclase or pyroxene as the oikocrystic phase 

surrounding olivine. Olivine grain sizes are well defined by the interstitial material and can 

reach as large as 0.8 cm. Olivine has clearly not undergone grain size reduction by dynamic 

recrystallization. It has been overprinted statically by alteration phases that preserve the 

original igneous texture. The contribution to the interstitial phases made by the crosscutting 

gabbroic veins is not clear and most in this section seem to cut cleanly across pieces (e.g., 

Pieces 10-13). Others appear to have gradational boundaries with the adjacent troctolitic and 

ultramafic rocks they invade (e.g., Pieces 3-4). There is no mesoscopic  evidence of high 

temperature  crystal plastic deformation  of the primary phases in troctolites or ultramafic 

rocks, however, a gabbroic vein in Piece 19 at 131 cm appears to show some crystal-plastic 

deformation. Pieces 1-5 and 9-12 contain semi-brittle shear zones along green amphibole and 

chlorite veins that follow magmatic veins; with some slickenfibers present along exposed 

vein faces. Pieces 6, 7, 17 and 18 contain 0.5 cm wide fractures filled with carbonate matrix 

breccias interpreted to be of tectonic origin. Piece 8 has chlorite slickenfibers on two faces. 

Piece 18 is a chlorite schist. Pieces 1-7 are cut by green chlorite-amphibole  veins that are 

crosscut by late carbonate- clay veins. Pieces 8 and 13-16 are diabase with minor 

chlorite/amphibole veins. Pieces 17-18 are cut by carbonate filled fractures orthogonal to the 

magmatic veins. 
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209-1275D-8R-1, 62-66 cm 

50 cm 

60 cm 

70 cm 
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209-1275D-8R-2 (Section top: 38.05 mbsf) 

UNIT-I: Troctolite 

Pieces 1-4 

COLOR: Green, black, and red 

PRIMARY MINERALOGY:  TROCTOLITE  

Olivine  Mode  85% 

Size   < 8 mm 

Shape/Habit Subhedral 

Plagioclase  Mode  10%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   <1% 

 

COMMENTS:  Highly altered troctolite or troctolitic dunite with oikocrysts of plagioclase 

and pyroxenes, intruded and brecciated by gabbro. A 2 cm thick gabbro dike cuts Piece 3. 

SECONDARY MINERALOGY: 

Troctolitic rocks are highly to very highly altered. Olivine in the troctolitic rocks is highly 

serpentinized  (>90% altered). Relict olivine is partially iddingsitized  (rich in carbonate) in 

reddish domains. Plagioclase is highly altered to chlorite. Talc- alteration is limited to 

contacts to gabbroic veins. The gabbroic veins are completely altered to fine-grained 

chlorite, amphibole, and talc. 

METAMORPHIC VEINS: 

This section shows few green picrolite veins that are cut by a carbonate-clay  vein network. 

Volumetrically,  these carbonate-clay  vein networks make up about 5% of the core. 

STRUCTURE: 

The section consists of highly altered troctolite, feldspathic dunite and feldspathic wehrlite 

intruded by multiple veins of gabbroic composition.  The gabbroic veins are highly altered. 

Olivine makes up most of the troctolitic and ultramafic rocks and tends to be subrounded  to 

ovoid to somewhat elongate. It, however, has no shape- preferred dimensional orientation. 

There are variable amounts of interstitial phases resulting in patchy distributions of the rock 

types listed above even within a single piece. Interstitial areas between olivine contain 

altered plagioclase and/or pyroxene and the texture appears igneous and commonly 
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poikilitic, with either plagioclase or pyroxene as the oikocrystic phase surrounding  olivine. 

Olivine grain sizes are well defined by the interstitial material and can reach as large as 0.5 

cm. Olivine has clearly not undergone grain size reduction by dynamic recrystallization. It 

has been overprinted statically by alteration phases that preserve the original igneous texture. 

The contribution to the interstitial phases made by the crosscutting gabbroic veins is not clear 

and most in this section seem to cut cleanly across pieces (e.g., Pieces 3 and 6). Others 

appear to have gradational boundaries with the adjacent troctolitic and ultramafic rocks they 

invade (e.g., Piece 8). There is no mesoscopic evidence of high temperature  crystal plastic 

deformation  of the primary phases in troctolites or ultramafic rocks Pieces 1 and 2 contain 

minor semibrittle shear zones along chlorite veins and are cut by late carbonate-clay  veins. 

Pieces 3 through 8 contain green amphibole/chlorite veins and semibrittle shear zones along 

carbonate-clay  veins and fractures filled with carbonate matrix breccias that have up to 0.5 

cm offset. 
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209-1275D-8R-2, 8-12 cm 

5 cm 

15 cm 
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209-1275D-9R-1 (Section top: 41.6 mbsf) 

UNIT-I: Troctolite 

Pieces 1-18 

COLOR: Black to red and greenish-gray 

PRIMARY MINERALOGY: TROCTOLITE  

Olivine  Mode  85%-90% 

Size   < 8 mm 

Shape/Habit Subhedral 

Plagioclase  Mode  5%-10%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   <1% 

 

COMMENTS:  Highly altered troctolite or troctolitic dunite with oikocrysts of plagioclase 

and pyroxenes. Pieces 5 and 6 are cut by gabbro dikes. 

SECONDARY MINERALOGY: 

Troctolitic rocks are completely altered. Olivine in the troctolitic rocks is highly 

serpentinized (>95% altered). Relict olivine is partially iddingsitized (rich in carbonate) in 

reddish domains. Plagioclase is highly altered to chlorite. Clinopyroxene is highly altered to 

talc and chlorite. Talc-alteration  of olivine is limited to contacts to gabbroic veins. The 

gabbroic veins are completely altered to fine- grained amphibole with minor chlorite and 

talc. 

METAMORPHIC  VEINS: 

Piece 1 has no veins. Pieces 2-4 and 11-18 have minor picrolite±magnetite veins. Pieces 5-10 

have abundant (5 vol.%) carbonate veins with minor clay). Carbonate veins are also 

developed in Pieces 11-18 where they are less abundant and have traces of hematite. 

THIN SECTIONS: Sample 1275D-9R-1, 15-17 cm 

STRUCTURE: 

The section consists of highly altered troctolite, feldspathic dunite, feldspathic wehrlite, and 

locally dunite intruded by multiple veins of gabbroic composition.  The gabbroic veins are 

highly altered. Olivine makes up most of the troctolitic and ultramafic rocks and tends to be 
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subrounded  to ovoid to somewhat elongate. It, however, has no shape-preferred  

dimensional orientation. There are variable amounts of interstitial phases resulting in patchy 

distributions of the rock types listed above even within a single piece. Interstitial areas 

between olivine contain altered plagioclase and/or pyroxene and the texture appears igneous 

and commonly poikilitic, with either plagioclase or pyroxene as the oikocrystic phase 

surrounding olivine. Olivine grain sizes are well defined by the interstitial material and can 

reach as large as 1.0 cm. Olivine has clearly not undergone grain size reduction by dynamic 

recrystallization.  It has been overprinted statically by alteration phases that preserve the 

original igneous texture. The contribution to the interstitial phases made by the crosscutting  

gabbroic veins is not clear and most in this section seem to cut cleanly across pieces (e.g., 

Pieces 5, 6, 7 and 11). There is no mesoscopic evidence of high temperature  crystal plastic 

deformation  of the primary phases in troctolites or ultramafic rocks, although Piece 17 

shows evidence of crystal plastic deformation localized within the gabbroic vein crosscutting 

troctolite. Pieces 1 through 7 contain semi-brittle shear zones along schistose chlorite veins. 

Pieces 8- 16 are cut by minor shear fractures. Piece 17 contains a ductile shear zone along a 

magmatic vein that was partially overprinted by sermi-brittle deformation during greenschist 

alteration. Pieces 2 to 18 are cut by minor chlorite amphibole veins and late crosscutting  

carbonate-clay  veins. Piece 11 and 17 shows serpentine/carbonate filled fractures orthogonal 

to the magmatic veins.   
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209-1275D-9R-1, 63-68 cm 
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209-1275D-10R-2 (Section top: 47.53 mbsf) 

UNIT-I: Troctolite 

Pieces 1-16 

COLOR: Greenish-gray  and brown to red 

PRIMARY MINERALOGY:  TROCTOLITE  

Olivine  Mode  85%-90% 

Size   < 8 mm 

Shape/Habit Subhedral 

Plagioclase  Mode  5%-10%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   <1% 

 

COMMENTS:  Altered troctolite or troctolitic dunite with oikocrysts of plagioclase and 

pyroxenes. Gabbro dikelets crosscut troctolite in Pieces 2, 6, 9-15. Piece 3 = MBIO. 

SECONDARY MINERALOGY: 

Troctolitic rocks are very highly to completely altered. Olivine in the troctolitic rocks is 

highly serpentinized  (>90% altered) and shows some alteration to green and brown clay. 

Relict olivine is partially iddingsitized  (rich in carbonate). Plagioclase is highly altered to 

chlorite. Orthopyroxene  is altered to talc and amphibole. Talc- alteration of olivine is limited 

to contacts to gabbroic veins. The gabbroic veins are completely altered to fine-grained 

amphibole with minor chlorite and talc. Some fresh plagioclase may be left in Piece 8A. 

METAMORPHIC VEINS: 

Green picrolite veins are developed in Pieces 1-6 and 12-16 where they make up about 0.5 

vol.% of the core. They are cut by white carbonate veinlets (1 vol.%). Pieces 7-11 have 

minor amphibole-chlorite  and serpentine-talc  veinlets. 

THIN SECTIONS: Samples 1275D-10R-2, 88-91 cm and 1275D-10R-2, 97-99 cm 

STRUCTURE:  The section consists of highly altered feldspathic dunite, feldspathic 

wehrlite, dunite and locally troctolite intruded by multiple veins of gabbroic composition. 

The gabbroic veins are highly altered. There are higher proportions of ultramafic rocks 

(<10% plagioclase) in the section and less pervasive gabbroic magmatic veins cutting pieces 

in the section. Olivine accounts for the bulk of the ultramafic or troctoloitic rocks and tends 



158 
 

to be subrounded to ovoid.  It, however, has no shape-preferred dimensional  orientation in 

the section. There are variable amounts of interstitial phases resulting in patchy distributions  

of the rock types listed above even within a single piece. Interstitial areas between olivine 

contain altered plagioclase and/or pyroxene and the texture appears igneous and commonly 

poikilitic, with either plagioclase or pyroxene as the oikocrystic phase surrounding olivine. 

Olivine grain sizes are well defined by the interstitial material locally and can reach as large 

as 0.6 cm. Olivine has clearly not undergone grain size reduction by dynamic 

recrystallization.  It has been overprinted statically by alteration phases that preserve the 

original igneous texture. The contribution to the interstitial phases made by the crosscutting  

gabbroic veins is not clear, but most gabbroic veins in this section seem to cut cleanly across 

pieces (e.g., Pieces 1, 11, 14 and 15). Piece 15 does show some evidence of melt wall rock 

reaction along a vein wall. There is no mesoscopic  evidence of high temperature  crystal 

plastic deformation  of the primary phases in troctolites or ultramafic rocks. Pieces 14 

contains a semi-brittle shear zone along a schistose chlorite and green amphibole vein within 

a former magmatic vein; other fractures within Piece 14 are filled with carbonate matrix 

breccia. Pieces 4, 5, 7-13, and 15 contain minor semi-brittle shear zones along magmatic 

veins. Pieces 1 and 2 contain minor concentrations of shear fractures. Serpentine/chlorite 

veins occur within and along the margins of the magmatic veins. Late carbonate-clay veins 

are also present in the section. 
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209-1275D-10R-2, 16-20 cm 
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20 cm 



160 
 

209-1275D-11R-1 (Section top: 51.1 mbsf) 

UNIT-I: Troctolite 

Pieces 1-2, 5-13 

COLOR: Light gray/greenish 

PRIMARY MINERALOGY:  TROCTOLITE  

Olivine  Mode  75%-90% 

Size   < 8 mm 

Shape/Habit Subhedral 

Plagioclase  Mode  5%-20%  

Size   < 7 mm  

Shape/Habit Interstitial 

Pyroxene  Mode  5%  

Size   < 6 mm  

Shape/Habit Interstitial 

Opaque  Mode   <1% 

 

COMMENTS:  Highly altered troctolite or troctolitic dunite with oikocrysts of plagioclase 

and pyroxenes. Gabbro dikes crosscut troctolite in Pieces 6-13. Troctolite in Piece 12 is 

enriched in plagioclase as much as 20%. 

Pieces 3-4 

COLOR: Gray/greenish 

PRIMARY MINERALOGY:  DIABASE  

COMMENTS: Two pebbles of aphyric diabase.  

SECONDARY  MINERALOGY: 

This section is composed mainly of troctolite which was intruded by gabbros. Troctolite is 

commonly very highly altered with olivine being replaced by serpentine and magnetite. 

Serpentine textures range from mesh texture alteration, where fresh olivine cores remain, to 

ribbon textures where alteration of olivine is effectively complete. Plagioclase is replaced by 

chlorite, and orthopyroxene by talc and irregular, vermicular, opaque oxides. Pieces 5 to11, 

in particular, show abundant talc and Fe-oxide alteration. Some relict fresh olivine cores 

remain with the very highly altered olivine. Similarly, relict grains of plagioclase,  not 

completely altered to chlorite, still preserve their polysynthetic lamellar twinning. Piece 2 is 

completely serpentinized troctolite with plagioclase altered mainly to secondary plagioclase. 

The gabbroic vein that intrudes Section 1275D-11R-1, 120-124 cm has been moderately 

altered, with clinopyroxene having been replaced by amphibole and talc, and plagioclase by 
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chlorite. Talc alteration exhibits a range of textures ranging from microgranular,  through 

fibrous, to scaly whereas amphibole ranges from anhedral to subhedral lozenge shapes. 

Pieces 12 and 13 are black gray serpentinized troctolites. Pieces 3 and 4 are slightly altered 

diabase. Clinopyroxene in the diabase is altered to green amphibole while plagioclase is 

generally fresh to slightly altered with a little secondary plagioclase at 

plagioclase/plagioclase interpenetrating contacts. 

METAMORPHIC VEINS: 

The section is dominated by troctolite which has been intensely intruded by gabbro, forming 

sharply bounded veins and irregular patches (Piece 2, 5 to 13). Veining in troctolite is 

dominated by irregular networks or arrays of straight, single, carbonate- clay veins (1 vol.%). 

Commonly, the gabbroic intrusions contain serpentine (picrolite) veins in their central 

portion or show sigmoidal cross fractures filled with picrolite (Pieces 2, 8, 9, 10, 11, and 

12a). These veins represent up to 1 vol.% of the gabbroic intrusions. Pieces 3 and 4 are 

diabase with <0.1 vol.%  amphibole veinlets.  

THIN SECTIONS: Samples 1275D-11R-1, 5-10 cm and 1275D-11R-1, 120-124 cm 

UNIT-I: Troctolite  

STRUCTURE: 

The section consists of highly altered feldspathic dunite, troctolite, feldspathic wehrlite, and 

dunite intruded by multiple veins of gabbroic composition. Piece 3 and 4 are diabase. The 

gabbroic veins are highly altered. There is a high proportion of ultramafic rocks (<10% 

plagioclase) in this section. Olivine is abundant in the ultramafic and  troctoloitic rocks and 

tends to be subrounded to ovoid.  It, however, has no shape-preferred  dimensional 

orientation in the section. There are variable amounts of interstitial phases resulting in patchy 

distributions  of the rock types listed above even within a single piece (e.g, Piece 1). Areas 

between olivine contain altered plagioclase and/or pyroxene and the texture appears igneous 

and commonly poikilitic, with either plagioclase or pyroxene as the oikocrystic phase 

surrounding olivine. Olivine grain sizes are well defined by the interstitial material locally 

(e.g. Pieces 1 and 13) and can reach up to 0.7 cm. Olivine has clearly not undergone grain 

size reduction by dynamic recrystallization. It has been overprinted statically by alteration 

phases that preserve the original igneous texture. The contribution to the interstitial phases 

made by the crosscutting gabbroic veins is not clear, but most gabbroic veins in this section 

seem to cut cleanly across pieces (e.g., Pieces 6-9, 12 and 13). There is no mesoscopic  

evidence of high temperature  crystal plastic deformation  of the primary phases in troctolites 

or ultramafic rocks, but schlieren like bands of gabbroic vein material in Piece 12 may be 

deformed and show localized crystal plastic deformation. Olivine in the areas adjacent to the 

troctolite show little mesoscopic evidence of deformation. Piece 1 is a cataclastic breccia 

with a matrix of green amphibole. The upper portion of Piece 12 contains a semi-brittle shear 

zone along a schistose chlorite filled fracture. Pieces 5-12 contain moderate concentrations of 



162 
 

shear fractures along green amphibole veins.  Pieces 3 and 4 contain minor chlorite-

amphibole veins. Pieces 2 and 5-13 contain green amphibole- chlorite veins which lie within 

the earlier magmatic veins. Late clay-carbonate  veins cut all earlier vein sets.  
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209-1275D-11R-1, 29-35 cm 

20 cm 

30 cm 

40 cm 
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209-1275D-13R-1 (Section top: 60.7 mbsf) 

UNIT-II: Oxide Gabbro(norite)  

Pieces 2-13 

COLOR: Orange greenish gray 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode  50% 

Size   0.1-3 mm 

Shape/Habit Subhedral 

Pyroxene  Mode  40% 

Size   0.1-2.5 mm 

Shape/Habit  Subhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Altered medium-grained gabbros with a subvertical magmatic foliation in 

Pieces 9 to 12. The bottom part is relatively fresh. Granophyre  crosscuts Pieces 12B and 13. 

Piece 12D contains large amphiboles in the granophyre. Piece 1 

COLOR: Gray 

PRIMARY MINERALOGY: DIABASE  

COMMENTS:  A pebble of aphyric diabase.  

SECONDARY MINERALOGY: 

This section is composed mostly of orange/greenish-gray, very highly altered gabbro. 

Plagioclase,  where altered, has been replaced by neoblasts of secondary plagioclase at 

plagioclase/plagioclase interpenetrating contacts and occasional irregular secondary 

plagioclase fringes around primary plagioclase grains. Clinopyroxene  is very highly to 

completely altered, mostly to green amphibole but with as much as 20% chlorite. The 

amphibole is mostly microgranular to fine grained although small patches of acicular 

amphibole are present. Pieces 12D and 13 are highly altered, gray-white gabbro, which 

contain white, secondary plagioclase rich veins with coarse grained green amphibole. 

Orange/brown  staining within the section is attributed to very finely disseminated  iron 

oxyhydroxides. 

METAMORPHIC  VEINS: 

This section contains rare (< 0.1 vol.%) fine amphibole±chlorite veinlets. THIN SECTIONS: 

Sample 1275D-13R-1, 18-21 cm 
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STRUCTURE: 

The section consists of fine to medium grained oxide gabbro (Pieces 2-13) and diabase 

(Piece 1). Granophyric veins cut Pieces 3, 12 and 13. There is no evidence of high 

temperature crystal plastic deformation and all textures appear igneous. Pieces 9 and 12 have 

low concentrations of open fractures. Pieces 2, 4, 8-9, and 11- 12 contain green chlorite-

amphibole veins. Pieces 11 and 12 contain late clay-oxide veins.   
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209-1275D, 13R-1, 47-53 cm 

40 cm 

50 cm 
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209-1275D-14R-1 (Section top: 65.4 mbsf) 

UNIT-II: Oxide Gabbro(norite)  

Pieces 1-5, 8-19 

COLOR: Greenish-gray  to brown greenish-gray. 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode  50% 

Size   0.1-3 mm 

Shape/Habit Subhedral 

Pyroxene  Mode  40% 

Size   0.1-2.5 mm 

Shape/Habit  Subhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Altered gabbros with grain size varying from coarse to medium to fine- 

grained. In Pieces 1-5 plagioclase content varies heterogeneously. Magmatic foliation is 

distinct in some pieces. Piece 6-7 

PRIMARY MINERALOGY: DIABASE 

COMMENTS:  Aphyric diabase. A contact with medium grained gabbro is present in Piece 

7. 

SECONDARY MINERALOGY: 

This section is composed of moderately altered (40-45%) greenish-gray  and brown 

greenish-gray  gabbro. Piece 6 and half of Piece 7 is slightly altered gray diabase (<10% 

altered). Clinopyroxene  is altered predominantly  to green amphibole with subsidiary 

chlorite (as much as 10% throughout the length of the core). Plagioclase is mostly altered to 

green amphibole with subsidiary secondary plagioclase and as much as 10% of 

chlorite/smectite. 

METAMORPHIC VEINS: 

Straight, individual amphibole veins are common in this section and account for ca. 0.5 

vol.% of the core. Piece 1 contains a carbonate-clay  vein located on its margin. 

STRUCTURE: 

The section consists of fine to medium to coarse-grained  oxide gabbro and diabase (Pieces 7 

and 9). There is no evidence of crystal plastic deformation in the section. Textures are all 

igneous. Pieces 1 and 2 are cut by minor shear fractures with little 
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or no offset. Pieces 1-5, 8, 11, 12, 14 and 16 contain amphibole-chlorite veins. Piece 1 is cut 

by  a carbonate vein on its margin. 
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209-1275D-14R-1, 78-84 cm 

70 cm 

80 cm 
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209-1275D-16R-1 (Section top: 74.7 mbsf) 

UNIT-II: OXIDE GABBRO  

Pieces 1-7A, 9-20 

COLOR: Gray to greenish-gray  and brown 

PRIMARY MINERALOGY:  OXIDE GABBRO  

Plagioclase  Mode  45%-60% 

Size   < 15 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene  Mode  30%-40%  

Size   < 20 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide  Mode   10%-15% 

 

COMMENTS:  Oxide gabbros with grain size varying from medium to fine grained. Pieces 

1, 2A, 3-6A, 9-20 are medium grained while Piece 2 is fine grained. Diabase dike in Pieces 

7-8. Granophyre  dikes in Pieces 4-8. 

Piece 7B-8 

COLOR: Gray 

PRIMARY MINERALOGY: DIABASE 

COMMENTS: Aphyric diabase. Contacts to medium grained gabbro are present in Pieces 

7A and 8. 

SECONDARY MINERALOGY: 

The section is mainly composed of moderately to highly altered gabbro. The gabbro of 

Pieces 1 to 7A is gray and contains white felsic veinlets and granophyric dikes. At the 

contact to a felsic vein in Piece 2 a prominent reddish iron oxyhydroxide  halo is developed. 

This halo contains abundant carbonate. Pieces 7B to 7D and the main part of Piece 8 are gray 

moderately altered diabase. Pieces 9 to 20 are gray to greenish-brown  highly altered gabbro. 

Alteration is dominated by green amphibole after clinopyroxene. Brown amphibole is a 

minor component (<3%). Alteration of plagioclase to secondary plagioclase and amphibole 

is minor (<10%). There are noticeable amounts of chlorite/smectite alteration after both 

clinopyroxene  and plagioclase (5-10% in Piece 7A). 
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METAMORPHIC  VEINS: 

Dark green amphibole veins are rare in this section (< 0.1 Vol.%). Pieces 1 to 8 are gabbro 

and diabase with approximately 2 vol.% of white plagioclase-amphibole- 

zeolite±quartz±sulfide veins which may be of magmatic origin. 

THIN SECTIONS:  Sample 1275D-16R-1,  56-59 cm 

STRUCTURE: 

The section consists of interlayered fine to medium to coarse grained oxide gabbro and 

diabase (Pieces 7 and  8). The layering or banding is generally defined by grain size changes, 

but is commonly associated with changes in the modal percentage of mineral phases, 

especially variations in oxide mineral or plagioclase abundance. Layer boundaries occur in 

Piece 2, 9, and 17. A single oriented layer contact in Piece 1 was inclined 40 degrees in the 

cut face of the core. Granophyric veins cut Pieces 2-8. A dike gabbro contact is inclined 40 

degrees in the cut face of the core in Piece 7, but based on relationships  in the next Piece (8), 

the coarse grained oxide gabbro is intrusive into the diabase. The dike is intruded by the 

same granophyre that intrudes gabbro. There is no evidence of crystal plastic deformation in 

the section and all textures are igneous. There is no brittle deformation  in this section. Pieces 

1, 2, 3 contain amphibole-chlorite  veins. Pieces 5, 9, 10 and 14 have crosscutting clay oxide 

veins. 
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209-1275D-16R-1, 14-20 cm 

10 cm 

20 cm 
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209-1275D-25R-1 (Section top: 113.2 mbsf) 

UNIT-IV: Oxide gabbro 

Pieces 1-12 

COLOR: Gray to greenish-gray 

PRIMARY MINERALOGY:  MICROGABBRO  AND GABBRO  

Plagioclase  Mode  50% 

Size   0.1 mm 

Shape/Habit Subhedral 

Pyroxene  Mode  40%  

Size   0.1 mm 

Shape/Habit  Subhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Pieces 1-4 are microgabbro  including altered xenocrysts (size up to 4 mm). 

Piece 5 is fine-grained  granular gabbro. Pieces 7-12 are fine to medium- grained foliated 

gabbro with up to 10 % oxide. 

Piece 6 

COLOR: Gray 

PRIMARY MINERALOGY: DIABASE 

 COMMENTS: Aphyric diabase.  

SECONDARY MINERALOGY.: 

This section has moderately (20%, Piece 1-4) gray gabbro and highly altered (45- 55%) 

greenish-gray  gabbro with one piece (Piece 6) of gray, slightly altered (8%) diabase. 

Alteration style is dominantly green amphibole after clinopyroxene.  The greenish-gray  

gabbro has noticeable amounts of chlorite/smectite after plagioclase and clinopyroxene. 

Brown amphibole and secondary plagioclase are minor components. 

METAMORPHIC VEINS: 

This section contains minor, dark green, single, straight amphibole veins (0.1 vol.%). A 

remnant of a rusty brown carbonate-hematite-clay vein is preserved on the lower margin of 

Piece 12. 
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STRUCTURE: 

The section consists of diabase (Pieces 1-4 and 6) and interlayered fine to  medium grained 

oxide gabbro  (Pieces 5 and  7-14). The diabase in Piece 1-4 is olivine bearing and Piece 6 is 

a finer grained chilled diabase. There is no mesoscopic evidence of crystal plastic 

deformation  in the section and the textures are igneous. Piece 12 is cut by minor brittle 

fractures. Pieces 5, 9, and 11 are cut by green amphibole chlorite veins, sometimes oxidized. 

Piece 12  has a carbonate clay vein on its margin. 
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209-1275D-25R-1, 75-80 cm 

70 cm 

80 cm 

90 cm 
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209-1275D-25R-3 (Section top: 115.72 mbsf) 

UNIT-IV: Oxide gabbro 

Pieces 1-9 

COLOR: Greenish-gray  to brown 

PRIMARY MINERALOGY:  MICROGABBRO  AND GABBRO  

Plagioclase  Mode  50% 

Size   0.1 mm 

Shape/Habit Subhedral 

Pyroxene  Mode  40%  

Size   0.1 mm 

Shape/Habit  Subhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Piece 1 is microgabbro.  Pieces 2-9 are fine to very fine-grained gabbro. 

Piece 3 is cut by completely altered dike. Pieces 4-9 have large oxides (up to 6 mm). 

SECONDARY MINERALOGY: 

This section has highly altered greenish-gray and brown gabbro. Alteration style is 

dominantly green amphibole after clinopyroxene. Noticeable amounts of chlorite/smectite  

after plagioclase and clinopyroxene are present in the greenish and brownish areas. Brown 

amphibole and secondary plagioclase are minor components.  Piece 2 has a red oxidation 

halo with clay and Fe-oxyhydroxide along a carbonate veins. 

METAMORPHIC VEINS: 

This section contains rare, dark green, single, straight amphibole veins (<0.1 vol.%). In 

addition, a single composite carbonate-hematite-clay vein accounts for 2 vol.% of Piece 2. 

STRUCTURE: 

The section consists of fine to medium gained oxide gabbro. There are no well- defined layer 

contacts in the section and no mesoscopic evidence of crystal plastic deformation. There is 

also no brittle shear deformation in this section. Pieces 1, 2, 4 and 8 are cut by green 

amphibole chlorite veins, sometimes oxidized.  Piece 3 has a 0.3cm thick, late clay-carbonate  

vein. 
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    209-1275D-25R-3, 38-43 cm 

30 cm 

40 cm 
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209-1275D-27R-1 (Section top: 122.7 mbsf) 

UNIT-IV: Oxide gabbro 

Pieces 1-4 

COLOR: Greenish-gray 

PRIMARY MINERALOGY:  OXIDE GABBRO  

Plagioclase  Mode  50% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 10 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Oxide gabbro with various grain sizes. This short section consists of fine-

grained  oxide gabbro associated with a coarse-grained  domain (Piece 2A, 22- 24 cm). Piece 

4B-4D contains granophyre that intrude and brecciate a mixture of fine and medium grained 

gabbro. 

SECONDARY MINERALOGY: 

Gabbro in this section is moderately altered (30%). The alteration style is dominated by 40-

70% alteration of clinopyroxene to green and minor brown amphibole. Chlorite/smectite 

after plagioclase and clinopyroxene  is present in minor amounts. 

METAMORPHIC VEINS: 

The gabbro of this section contains several, straight, single, dark green amphibole- chlorite 

veins (0.5 vol.%). These are particularly prominent in a felsic dikelet in Pieces 3 and the top 

of Piece 4, where are oriented parallel to the dikelet and locally follow the contact to the 

enclosing gabbro. 

THIN SECTIONS:  Sample 1275D-27R-1,  26-28 cm 

STRUCTURE: 

The section consists of interlayered fine, medium, and coarse-grained  oxide gabbro, cut by 

multiple granophyric veins in Pieces 3 and 4. Below 100 cm in the section the granophyre 

forms a net vein breccia with enclosed xenoliths of oxide gabbro. Layering or banding 

contacts in oxide gabbroic rocks are generally defined by grain size changes, but are 

commonly associated with changes in the modal percentage of mineral phases, especially 

variations in oxide mineral or plagioclase abundance. Layer or lithologic boundaries between 
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gabbros that mark changes in grain size are variable in orientation. In Piece 5 they range 

from inclined at 15 to 45 degrees in the cut face of the core. The contacts are planar, so that 

domains between contacts would be laterally discontinuous  and lenticular. There is no 

mesoscopic  evidence of crystal plastic deformation  in the section. 
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    209-1275D-27R-1, 43-48 cm 

35 cm 

45 cm 
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209-1275D-32R-1 (Section top: 146.8 mbsf) 

UNIT-IV: Oxide gabbro 

Pieces 1-7 

COLOR: Green to brown and white 

PRIMARY MINERALOGY:  OXIDE GABBRO  

Plagioclase  Mode  50% 

Size   < 15 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 15 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Coarse-grained oxide gabbro. Granophyre  interval at 40-60 cm.  

SECONDARY  MINERALOGY: 

Gabbro in this section is moderately to highly altered (30-60%). Alteration is mainly to green 

and minor brown amphibole after clinopyroxene. Chlorite/smectite  after plagioclase and 

clinopyroxene and secondary plagioclase after plagioclase are present in noticeable amounts. 

White and green granophyric dikelets appear highly altered to secondary plagioclase, 

chlorite, and green amphibole. 

METAMORPHIC VEINS: 

This section contains minor green, single, straight amphibole veins (0.1 vol.%). Plagioclase-

amphibole-chlorite-rich dikelets (felsic magmatic veins) are crosscut by green amphibole 

veins in Pieces 1 and 6C to 6D. 

STRUCTURE: 

The section consist of coarse grained oxide bearing gabbro and very coarse leucocratic 

gabbro (Pieces 2b, 3) cut by many granophyric veins in Pieces 1, 2, 3, and 5. There is no 

mesoscopic  evidence of crystal plastic deformation  in the section. Piece 4 is cut by a small 

shear fracture with minimal offset. 
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209-1275D-32R-1, 41-45 cm 

35 cm 

45 cm 
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209-1275D-32R-2 (Section top: 148.26 mbsf) 

UNIT-IV: Oxide gabbro 

Pieces 1-13 

COLOR: Greenish and brownish gray 

PRIMARY MINERALOGY:  OXIDE GABBRO  

Plagioclase  Mode  50% 

Size   < 15 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 15 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Oxide gabbros with grain size varying from coarse- (intervals at 30- 64, 70-

75, 80-83, 93-125 cm) to medium- or fine-grained  (intervals at 0-29, 64-70, 75-80, 83-93 

cm). Oxide patches in Pieces 6 and 7 associated with granophyre. 

SECONDARY MINERALOGY: 

Gabbro in this section is highly altered (about 60%). Alteration is mainly to green and minor 

brown amphibole after clinopyroxene. Chlorite/smectite  after plagioclase and clinopyroxene 

and secondary plagioclase after plagioclase are present in noticeable amounts. White and 

green granophyric dikelets appear highly altered to secondary plagioclase,  chlorite, and 

green amphibole. 

METAMORPHIC  VEINS: 

This section contains minor green single straight amphibole veins (0.1 vol.%). 

STRUCTURE: 

The section consists of interlayered fine, medium, and coarse-grained  oxide gabbro, cut by 

granophyric veins in Pieces 7 and 9. Layering or banding contacts in oxide gabbroic rocks 

are generally defined by grain size changes, but are commonly associated with changes in the 

modal percentage of mineral phases, especially variations in oxide mineral or plagioclase 

abundance. Layer or lithologic boundaries between gabbros that mark changes in grain size 

occur in Pieces 11 and 13. The contacts are inclined between 2 and 14 degrees in the cut face 

of the core. The contacts are planar to curviplanar. There is no mesoscopic  evidence of high 

temperature  crystal plastic deformation  in the section. Piece 9 contains a small chlorite-

filled fault with 0.5 cm offset.  



184 
 

 

    
209-1275D-32R-2, 84-89 cm 

80 cm 

90 cm 
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209-1275D-33R-1 (Section top: 151.3 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-11 

COLOR: Light gray to brownish gray 

PRIMARY MINERALOGY:  DIABASE AND MICROGABBRO  

Plagioclase  Mode  50% 

Size   < 3 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 3 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Aphyric diabase in Piece 1. Pieces 2-11 are microgabbro  with 25% olivine 

phenocrysts. 

SECONDARY  MINERALOGY: 

Piece 1 is a moderately altered, gray diabase. Pieces 2-3A are moderately altered (25%), 

while Pieces 3B-11 are highly altered 45%. Olivine is 40-70% altered to green amphibole, 

talc and magnetite. Plagioclase is 10-20% altered to chlorite, talc, and secondary plagioclase. 

Clinopyroxene is only slightly altered to green amphibole. 

METAMORPHIC VEINS: 

This section contains minor dark green, single, straight amphibole veins (0.1 vol.%). A thick 

(up to 6-mm wide), single, vuggy carbonate-clay  vein is present in Pieces 4 to 6 (1 vol.%). 

THIN SECTIONS:  Sample 1275D-33R-1,  22-24 cm 

STRUCTURE: 

The section consists of a fine to medium grained troctolitic oxide to oxide bearing gabbro.  

There is no mesoscopic evidence of high temperature crystal plastic deformation in the 

section. Pieces 4, 5, and 6 contain minor shear fractures. Piece 9 contains a small fault with 

chlorite slickenfibers  that indicate strike slip motion.  
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    209-1275D-33R-1, 33-38 cm 

30 cm 

40 cm 
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209-1275D-34R-3 (Section top: 158.37 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-11 

COLOR: Greenish gray 

PRIMARY MINERALOGY:  OXIDE GABBRO  

Plagioclase  Mode  50% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 20 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  This section mostly consists of coarse-grained  gabbro with minor amount of 

medium-grained gabro in Pieces 1C-1D at 31-39 cm and fine-grained gabbro in Piece 3 at 

56-59 cm. Piece 3 at 56 cm is oxide rich. Coarse clinopyroxene as large as 2 cm at 99 cm. 

SECONDARY MINERALOGY: 

Gabbro in this section is moderately (35%) altered, mainly to green amphibole and 

secondary plagioclase, with minor brown amphibole and chlorite. 

METAMORPHIC VEINS: 

This section contains minor green single straight amphibole veins (0.1 vol.%). Felsic dikelets 

(plagiclase- amphibole-chlorite) are present in Pieces 1 to 4A and account for 0.5 vol.% of 

this section. 

THIN SECTIONS:  Sample 1275D-34R-3,  54-57 cm 

STRUCTURE: 

The section consists of medium to coarse grained oxide gabbro, cut by multiple granophyric 

veins in Pieces 1 and 4. There is no evidence of high temperature crystal plastic deformation. 

There is no brittle shear deformation in this section. Open horizontal fractures in Piece 1 are 

probably drilling induced. 
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209-1275D-34R-3, 109-113 cm 

105 cm 

115 cm 
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209-1275D-36R-2 (Section top: 167.29 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-18 

COLOR: Gray to white and brown 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode  50% 

Size   < 7 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 5 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  Pieces 1-6 consist of very fine-grained  gabbro or diabase similar to the 

bottom of previous Section 1275D-36R-1.  From Piece 7 to Piece 15 at 125 cm are medium-

grained gabbro with granophyre dikes at 97 cm, 104 cm and 118-121 cm. The bottom of the 

section (125-150 cm) is fine- or medium-grained gabbro with a granophyre dike at 137-140 

cm that contains amphibole. 

SECONDARY MINERALOGY: 

Microgabbro in this section (Pieces 1-6 and 16-18) is moderately altered (40%) altered, 

mainly to green amphibole and secondary plagioclase,  with minor brown amphibole and 

chlorite. Olivine is 50% altered to talc, chlorite, and magnetite. Gabbro is highly altered 

(50%) to green amphibole, secondary plagioclase,  and minor chlorite and brown amphibole. 

Pieces 11 to 17 contain numerous granophyric dikelets and irregular felsic domains that 

appear largely fresh. 

METAMORPHIC VEINS: 

Both gabbro and microgabbro  in this section contain minor single, straight, dark green 

amphibole veins (0.1 vol.%). Pieces 11 to 17 contain numerous plagioclase- amphibole felsic 

dikelets and irregular felsic domains (3.0 vol. %), which are locally crosscut by dark green 

amphibole veins (Pieces 12 and 15). 

STRUCTURE: 

The section consists of diabase (Pieces 1-5), medium to coarse grained oxide gabbro (Pieces 

6-17), cut by granophyric veins in Pieces 2, 5, 8, 10, 11, 13, 14. Both diabase and gabbro are 

cut by the granophyres.   Pieces 3 and 4 are diorites and Piece 5 contains a contact between 

oxide micrograbbro, coarse-grained gabbro and diorite. The oxide gabbros are marked by 
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layer contacts in Pieces 14, 16 and 17. Layering or banding contacts in oxide gabbroic rocks 

are generally defined by grain size changes, but are commonly associated with changes in the 

modal percentage of mineral phases, especially variations in oxide mineral or plagioclase 

abundance. The layering is inclined by 32 degrees in the cut face of the core, but is variable 

in the section. The layering can be planar (e.g., Piece 16) or curviplanar (e.g., Piece 14). 

There is no evidence of high temperature crystal plastic deformation in the section. Pieces 1 

through 5 contain minor shear fractures and low concentrations of open fractures. 
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209-1275D-36R-2, 120-128 cm 

115 cm 

125 cm 



192 
 

209-1275D-38R-2 (Section top: 176.74 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-2 

COLOR: Brownish green-gray 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode  50% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%-45%  

Size   < 10 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   5%-10% 

 

COMMENTS:  Coarse-grained oxide gabbro with a granophyre dike at the top of the section. 

SECONDARY  MINERALOGY: 

This section is composed of brownish green-gray, moderately altered gabbro. Alteration style 

is similar to that seen elsewhere in this core. Clinopyroxene is altered to green amphibole 

with minor chlorite while plagioclase is altered to small amounts of green amphibole and 

secondary plagioclase with trace amounts of chlorite smectite. 

METAMORPHIC VEINS: 

This section contains infrequent dark and light green amphibole-chlorite veins that account 

for no more than 0.1 vol.% of the core. 

STRUCTURE: 

The section consists of interlayered medium to very coarse grained gabbros and oxide 

gabbros cut by granophyre (Piece 3). Layering or banding contacts in oxide gabbroic rocks 

are generally defined by grain size changes, but are commonly associated with changes in the 

modal percentage of mineral phases. Layer contacts are inclined from 0-33 degrees in the cut 

face of the core. Layering is present in Pieces 1 and 3.There is no mesoscopic evidence of 

crystal plastic deformation in the section. Piece 3 is cut by minor chlorite-filled shear 

fractures. 
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    209-1275D-38R-2, 98-103 cm 

95 cm 

105 cm 
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209-1275D-38R-3 (Section top: 178.03 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-2 

COLOR: Brownish gray-green. 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode  50% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%-45%  

Size   < 10 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   5%-10% 

 

COMMENTS:  Coarse-grained oxide gabbro with a granophyre dike at the top of the section. 

SECONDARY MINERALOGY: 

This section is composed entirely of moderately altered brownish green-gray gabbro. The top 

of Piece 1 hosts completely altered white and dark green felsic Clinopyroxene is altered to 

green amphibole with minor chlorite while plagioclase is altered to small amounts of green 

amphibole and secondary plagioclase with trace amounts of chlorite smectite. 

METAMORPHIC VEINS: 

This section contains minor dark green amphibole veins that account for no more than 0.1 

vol.% of the core. These are particularly common in the upper portion of Piece 1 (0-8 cm). 

STRUCTURE: 

The section consists of interlayered medium to very coarse grained gabbros and oxide 

gabbros cut by granophyre (Piece 1 and 2). A thick trondhjemite vein cuts Piece 1 and has 

pyroxene comb structure along the margin of the vein.  Pyroxenes are growing inward into 

the vein from the gabbro contact. There is no mesoscopic evidence of crystal plastic 

deformation  in the section. Piece 1 is cut by minor chlorite-filled  shear fractures. Piece 2 is 

cut by a chlorite-filled  small fault with slickenfibers  that indicate strike slip motion. 
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209-1275D-38R-3, 123-127 cm 

115 cm 

125 cm 
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209-1275D-39R-2 (Section top: 180.4 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-3, 5-8 

COLOR: Greenish gray 

PRIMARY MINERALOGY:  OXIDE GABBRO  

Plagioclase  Mode  50% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode  40%  

Size   < 10 mm 

Shape/Habit  Eubhedral to anhedral 

Oxide   Mode   10% 

 

COMMENTS:  This section consists of oxide gabbro with variable grain size and a lesser 

amount of diabase. Fine-grained  gabbro at 0-7 cm followed by coarse-grained gabbro at 7-

20 cm, medium- to coarse-grained  gabbro at 20-90 cm, coarse-grained gabbro at 94-123 cm. 

Granophyre  dikes at 0-3 cm, 28 cm, and 47 cm. 

Piece 4, 9-13 

COLOR: Brownish green-gray 

PRIMARY MINERALOGY: DIABASE 

COMMENTS: Aphyric diabase with a contact to microgabbro in Piece 4 or to fine- grained 

gabbro in Piece 12. 

SECONDARY MINERALOGY: 

This section is composed of moderately to highly altered gabbro and moderately altered 

microgabbro.  The gabbro of Pieces 1A to 1C is gray greenish brownish and moderately 

altered, whereby the gabbro of Pieces 2 and 8 is gray brown greenish and highly altered. 

Pieces 4 and 5 contain fragments of microgabbro. Pieces 9 to 13 are gray brownish 

microgabbro. Pieces 9 and 12 contain rims of gabbro. Throughout this section of the core 

clinopyroxene is highly altered to green amphibole with minor chlorite. Plagioclase is 

commonly only slightly altered to green amphibole, minor secondary plagioclase and traces 

of chlorite/smectite. 
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METAMORPHIC VEINS: 

Pieces 1 to 6 are composed of gabbro with approximately 1 vol. % of individual, straight, 

dark green, amphibole veins. Minor plagioclase-amphibole dikelets are present in Piece 1 

and typically contain a green amphibole-rich  vein in the center. Pieces 9 to 11 and 13 are 

diabase with minor dark green amphibole veinlets (0.1 vol. %; and approximately 1 mm 

wide). Piece 12 consists of gabbro and diabase with a sharp contact. The contact between 

gabbro and diabase in Piece 12 is crosscut by several straight, branched, amphibole-chlorite  

veins which are ca. up to 3 mm wide and account for as much as 2 vol. % of this piece. 

STRUCTURE: 

The section consists of interlayered fine, medium and coarse-grained oxide gabbro (Piece 1-

3, 7-8) and diabase (Piece 4, 9-13). Granophyres  cut both the gabbros and the diabases. 

(Piece 1, 4, 5, 9, and 12). Piece 5, 9 and 12 contain contact between diabase and granophyre, 

where granophyre has  intruded the diabase. There is no mesoscopic evidence of crystal 

plastic deformation in the section. Piece 1 is cut by minor chlorite-filled shear fractures. 

Pieces 1 and 2 contain high densities of chlorite- filled shear fractures and small faults with 

slickenfibers that indicate oblique slip.  
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209-1275D-39R-2, 134-138 cm 

130 cm 

140 cm 
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209-1275D-40R-1 (Section top: 184.1 mbsf) 

UNIT-V: Olivine gabbro and oxide gabro(norite)  

Piece 1-8 

COLOR: Gray to brownish green-gray.  

PRIMARY MINERALOGY:  DIABASE 

COMMENTS: Aphyric diabase with granophyric patches at 40, 108, and 131-139 cm. 

SECONDARY MINERALOGY: 

This section is entirely composed of gray slightly altered microgabbro. Clinopyroxene is 

highly altered to green amphibole with minor chlorite while plagioclase is only slightly 

altered to small amounts of green amphibole and secondary plagioclase with trace amounts 

of chlorite smectite. Pieces 3B, 4A and 5 to 8 host felsic white brownish veins. 

METAMORPHIC VEINS: 

This section contains minor dark green single, straight amphibole veinlets which account for 

approximately 0.3 vol.% of the core. 

THIN SECTIONS: Sample 1275D-40R-1, 126-129 cm 

STRUCTURE: 

The section consists of diabase intruded by granophyric veins in Pieces 3-8. There is no 

mesoscopic evidence of crystal plastic deformation in the section. Piece 2 contains low 

concentrations of open fractures.  
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209-1275D-40R-1, 115-118 cm 

110 cm 

120 cm 
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209-1275D-42R-1 (Section top: 194.8 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-18 

COLOR: Brownish gray-green. 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode 50%-55% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode 45%  

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Oxide   Mode   < 5% 

 

COMMENTS:  Gabbro with various grain sizes. Pieces 1-15 have bands of fine- to medium- 

to coarse-grained. Pieces 16-17 are coarse-grained while Piece 18 is medium-grained. Piece 

5 is well foliated. 

SECONDARY MINERALOGY: 

This section is composed entirely of gray greenish brownish moderately altered gabbro. 

Clinopyroxene is altered to green amphibole with minor chlorite while plagioclase is altered 

to small amounts of green amphibole and secondary plagioclase with trace amounts of 

chlorite 

METAMORPHIC VEINS: 

Veins are not abundant in this section of the core. Dark green, single, straight amphibole 

veins are found only in Pieces 2, 15 and 17. 

STRUCTURE: 

The section consists of medium to coarse-grained gabbros and oxide gabbros with well-

defined layering. Layer or band contacts in gabbroic rocks are generally defined by grain size 

changes, but are commonly associated with changes in the modal percentage of mineral 

phases. Medium to coarse-grained layer contacts are present in Pieces 5, 8, 9 and 15. 

Layering is inclined at from 3 to 22 degrees in the cut face of the core. There is no 

mesoscopic evidence of crystal plastic deformation in the section. This section contains no 

brittle deformation. 
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    209-1275D-42R-1, 111-119 cm 

110 cm 

120 cm 
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209-1275D-43R-1 (Section top: 199.3 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro (norite)  

Pieces 1-8 

COLOR: Greenish-gray 

PRIMARY MINERALOGY:  GABBRO  

Plagioclase  Mode 50%-55% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode 45%  

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Oxide   Mode   < 5% 

 

COMMENTS:  Coarse- to medium-grained gabbro. Piece 8B is oxide-rich (16%), fine 

grained gabbro with magmatic foliation. 

SECONDARY MINERALOGY: 

This section is composed of greenish-gray (Pieces 1 and 2) and gray greenish white (Pieces 2 

to 4B) gabbro. Alteration varies from highly altered in Pieces 1 and 2 to only moderately 

altered in Pieces 3 and 4. Pieces 2 to 4B contain green felsic veins. Clinopyroxene is altered 

to green amphibole with minor chlorite while plagioclase is altered to small amounts of 

green amphibole and secondary plagioclase with as much as of chlorite/smectite. 

METAMORPHIC VEINS: 

Dark to light green, single, straight amphibole-chlorite veins are common in Pieces 1,4, 7 

and 8 of this section. Very fine (<1mm) rusty, brown, hematite-rich veinlets form en echelon 

arrays in Pieces 2A and 4C and are surrounded by stained, rusty brown gabbro. 

THIN SECTIONS:  Samples 1275D-43R-1, 38-40 cm and 1275D-43R-1, 92-94 cm 
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STRUCTURE: 

The section consists of medium to coarse-grained gabbros and oxide gabbros. Pieces 1-7 are 

affected by a net veined magmatic breccia produced by the intrusion of granophyric liquid. 

The oxide gabbro and gabbro is included within the granophyre as breccia clasts or xenoliths. 

A weak lamination or foliation defined by oxides is present between 80 and 91 cm. This may 

be caused by crystal plastic deformation, but similar foliations have proven to be igneous 

primary structures throughout the cored interval upon thin section inspection. There is no 

other mesoscopic evidence of crystal plastic deformation and there is no brittle deformation 

in this section. 
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209-1275D-43R-1, 66-70 cm 

60 cm 

70 cm 

80 cm 
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209-1275D-43R-4 (Section top: 205.06 mbsf) 

UNIT-V: Olivine gabbro and oxide gabbro(norite)  

Pieces 1-9 

COLOR: Red, gray 

PRIMARY MINERALOGY:  GABBRO AND MICROGABBRO  

Plagioclase  Mode 50%-55% 

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Clinopyroxene Mode 45%  

Size   < 10 mm 

Shape/Habit Eubhedral to anhedral 

Oxide   Mode   < 5% 

 

COMMENTS:  Pieces 1-2, 6, 8-9 are microgabbro with small amount of medium- grained 

felsic gabbroic patches. Pieces 4-5 and 7 are medium- to coarse-grained gabbro with a felsic 

dike at 73-74 cm. 

SECONDARY MINERALOGY: 

This section of the core comprises of moderately gabbro (Pieces 1-6 and Piece 8) and highly 

altered diabase (Pieces 9 and 10). Clinopyroxene is altered to green amphibole throughout 

this section of core. Plagioclase is altered to equal proportions of green amphibole and 

secondary plagioclase. 

METAMORPHIC VEINS: 

Minor dark green, individual, straight amphibole veins are present throughout the gabbro in 

this section and account for as much as 0.5 vol. % of Pieces 1 to 8. In Pieces 6 and 8 very 

fine rusty brown hematite veinlets are present. They commonly form en echelon arrays and 

impose a stained rusty brown halo in the gabbro. Pieces 9 and 10 are composed of diabase 

with rare dark green amphibole veinlets. 

STRUCTURE: 

The section consists of medium to coarse-grained oxide gabbro (Pieces 4, 5, 6,7), diabase 

(Pieces 8 and 9), and granophyric breccias (Pieces 1 and 2) containing xenoliths of diabase. 

Granophyric veins cut Pieces 4, 5 and 7. There is no mesoscopic evidence of crystal plastic 

deformation in the section. Pieces 6, 8 and 10 contain minor, randomly oriented shear 

fractures. 
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209-1275D-43R-4, 75-79 cm 

65 cm 

75 cm 

85 cm 

95 cm 


