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Alterationmineral assemblages in abyssal peridotites offer insights into the temperature and pressure conditions
during hydrothermal fluid circulation in the oceanic lithosphere. Abundant hydrothermal venting has been doc-
umented along the ultraslow spreading Gakkel Ridge and peridotites have been extensively sampled from the
ridge, yet these peridotites have not been systematically evaluated for the nature and extent of their alteration.
Here, we present an analysis of the alteration of 40 Gakkel peridotites from 19 dredges spanning ~600 km of
the ridgewithin the SparselyMagmatic and Eastern Volcanic Zones.Weuse a petrographic-based alteration scor-
ing system to assign a rank to each sample of 1 (unaltered) to 5 (altered) in 0.5 step intervals, based on the alter-
ation scale of Birner et al. (2016). Gakkel peridotites cover the full range of alteration, from essentially unaltered
to completely serpentinized, but are generally moderately to highly altered (average score of 3.5). The extent of
alteration is independent of peridotite lithology and is not systematically different between the two zones. Ser-
pentine is present in all samples, magnetite occurs in all samples with alteration scores >2.5, and 27% of samples
contain carbonate veins that cross-cut all other minerals. In 20% of samples, all with alteration scores >2.5, trem-
olite + talc occurs as rims around pyroxene, while chlorite occurs as haloes around spinel. A gabbro-veined
lherzolite also contains pargasite replacing pyroxene, with later overprinting by tremolite-talc intergrowths.
The abundance of tremolite, chlorite, and talc in Gakkel samples is much lower than reported for talc-
tremolite-chlorite schists from oceanic core complexes, where fluid flow through the lower crust leads to
open-system behavior. At Gakkel, our petrological observations suggest that alteration was nearer to closed-
system conditions, which can be explained by the absence of crust along some sections of the ridge.
Pseudosection modeling with Perple_X, which assumes closed-system behavior, indicates that pyroxene reacts
to form tremolite + chlorite + talc at temperatures >500 °C, corresponding to fluid flow to depths >20 km
for the Gakkel Ridge. The sample with pargasitic amphibole requires temperatures >750 °C to form. Overall,
our results suggest that hydrothermal alteration of Gakkel peridotites, and more generally of the lithospheric
mantle in regions that lack significant crust, results in different alteration mineral abundances and relation-
ships than in regions where the mafic crust is involved in alteration.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Abyssal peridotites are ultramafic mantle samples that are exposed
on the seafloor at mid-ocean ridges, transform faults, and subduction
zones. The circulation of hydrothermal fluids through cracks in the lith-
ospheric mantle results in mineral replacement reactions, with deeper
fluid circulation leading to increasingly higher temperature reactions.
The conditions (temperature, pressure, fluid composition) of hydro-
thermal processes can be evaluated from the alteration mineral
. This is an open access article under
assemblages that form at the expense of the primary mineral assem-
blage of olivine + pyroxenes + spinel ± plagioclase. At temperatures
<500 °C, serpentine, brucite, andmagnetite are produced from the reac-
tion of aqueous fluids with olivine and pyroxene (e.g., Allen and
Seyfried, 2003; Bach et al., 2004; Klein et al., 2009, 2015; Tutolo et al.,
2018). Between 300 and 500 °C, pyroxene reacts with water to form
other alteration phases such as tremolite, chlorite, and talc (e.g., Bach
et al., 2004; Früh-Green et al., 2004; Jenkins, 1981; Schmidt and Poli,
1998). At temperatures of 800–1000 °C, alteration of peridotites results
in the crystallization of higher temperature minerals such as amphibole
with pargasite and Mg-hornblende compositions (Fumagalli et al.,
2009).

Most work on hydrothermal alteration of mid-ocean ridge perido-
tites has focused on samples that are either close to oceanic core com-
plexes (e.g., Boschi et al., 2006a; Früh-Green et al., 2004; Morishita
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al., 2009) or transform faults (e.g., Bach et al., 2004; Früh-Green et al.,
2001; Kimball et al., 1985). In these regions, mafic crust (gabbros and
basalts) is usually present and involved in the hydrothermal alteration
reactions. Recently, Rouméjon et al. (2015) and Dessimoulie et al.
(2020) characterized serpentinization processes in mantle rocks from
a magma-poor region along a corridor orthogonal to the ultraslow
spreading Southwest Indian Ridge (SWIR). However, the nature and
extent of alteration beyond serpentinization reactions has yet to be
evaluated in detail for any long section of peridotite exposure along a
mid-ocean ridge.

The Gakkel Ridge in the Arctic Ocean is ideal for characterizing the
alteration history of mantle rocks because peridotites have been
dredged from many locations along this ultraslow spreading ridge, es-
pecially from the central Sparsely Magmatic Zone (SMZ; Michael et al.,
2003). Additionally, active hydrothermal circulation is indicated by
the identification of 9–12 vent sites based on water column measure-
ments and near-bottom imaging (Edmonds et al., 2003; Helmke et al.,
2007; Stranne et al., 2010; Boetius et al., 2014; Bünz et al., 2020).
These sites occur primarily in association with volcanic centers, but at
least one is associated with ultramafic rocks (Edmonds et al., 2003).

Here we evaluate the extent, nature, and conditions of aqueous
fluid-rock interaction in peridotites from a ~ 600 km long section of
the Gakkel Ridge.While some Gakkel peridotites exhibit minor degrees
of serpentinization, most samples have undergone intense hydrother-
mal alteration andmany contain a variety of alterationminerals. Our re-
sults provide some of the first systematic observations of alteration
mineralogy along a peridotite-dominated section of ridge and suggest
that alteration can reach relatively high temperatures, even in ultraslow
spreading environments.

2. Geological setting

The Gakkel Ridge is the northernmost and slowest spreading mid-
ocean ridge on Earth (Fig. 1). Its spreading rate decreases by a factor
of two from west to east along strike, with a full spreading rate as low
as 6.3 mm/year (DeMets et al., 1994). Contrary to expectations that
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volcanism is diminished at ultraslow spreading rates, the Gakkel Ridge
is one of the few places globally where both basalts and peridotites
are exposed over hundreds of kilometers along the ridge axis (Michael
et al., 2003). The ridge has been divided into three major
magmato-tectonic zones (Fig. 1) that are characterized by differing de-
grees of volcanic activity and relative abundances of rock types: the
Western Volcanic Zone (WVZ), Sparsely Magmatic Zone (SMZ) and
the Eastern Volcanic Zone (EVZ).

As peridotiteswere not dredged from theWVZ, this study focuses on
samples from the SMZ and EVZ. While basalts are present in the SMZ,
volcanic ridges are absent and peridotites dominate the lithology of re-
covered material. The EVZ is the slowest-spreading section of Gakkel,
yet is punctuated by six large volcanic centers. Five dredges returned
peridotites from an otherwise basalt-dominated section of the ridge
(Michael et al., 2003).

In this study, we focus on 15 dredges from the SMZ (~270 km
length) and 4 dredges from the EVZ (>350 km length), corresponding
to samples from ~600 km of ridge length (Fig. 1; Supplementary
Table S1). Peridotite lithologies from the SMZ and the EVZ range from
relatively fertile lherzolites to refractory harzburgites (D'Errico et al.,
2016). As shown in Fig. 1, evidence for hydrothermal venting has been
identified in thewater column at one SMZ and four EVZ locationswithin
our study region (Edmonds et al., 2003). Dredges with the closest prox-
imity to a hydrothermal plume signal are EVZ dredges HLY0102–70,
−85 and − 87, and SMZ dredge PS59–240 (Fig. 1). Two SMZ dredges
(HLY0102–40 and PS59–235) contain unusually fresh peridotite
(D'Errico et al., 2016; von der Handt, 2008) and are not located near
any recorded plume signal (Fig. 1).

3. Methodology

3.1. Petrographic analyses and alteration scores

We conducted petrographic analysis of 40 peridotite samples from 19
dredges to classify the level of alteration and associated alterationmineral
assemblages (Table 1). Fourteen of these samples were previously
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Table 1
Lithology and alteration scores and mineralogy for Gakkel Ridge abyssal peridotites.

Sample no. Lithology Rank Tr Chl Tlc Cb

HLY102–0443 Harzburgite 4.5 X X X
HLY102–04-63* Plag Lherzolite 3.5 X
HLY102–29-21 Lherzolite 3
HLY102–30-01 Lherzolite 4.5
HLY102–39-01 Harzburgite 4
HLY102–39-02 Harzburgite 5
HLY102–40-18 Refractory Harzburgite 3 X
HLY102–40-56 Refractory Harzburgite 1.5
HLY102–40-79 Refractory Harzburgite 2
HLY102–40-81 Refractory Harzburgite 1.5
HLY102–70-62 Harzburgite 3.5
HLY102–70-75 Lherzolite 4
HLY102–70-87 Plag Lherzolite 3 X X
HLY102–70-91 Lherzolite 3.5
HLY102–85-09* Harzburgite 4 X X
HLY102–87-32* Lherzolite 3 X X X X
HLY102–87-37 Harzburgite 4 X X X X
HLY102–92-36 Lherzolite 4
HLY102–100-13 Lherzolite 3.5 X
HLY102–100-80 Harzburgite 3.5
PS59–201-39 Refractory Harzburgite 3.5 X
PS59–201-40 Refractory Harzburgite 4 X
PS59–235-01 Lherzolite 2
PS59–235-04 Plag Websterite 1
PS59–235-17 Lherzolite 1.5
PS59–235-18 Lherzolite 2
PS59–238-59* Harzburgite 4.5 X
PS59–238-75 Lherzolite 3 X X X
PS59–240-20* Lherz + Gabbro Vein 3 X X X X
PS59–240-21 Harzburgite 5
PS59–240-36 Plag Harzburgite 4.5
PS59–246-01* Harzburgite 4 X X X
PS59–246-03 Refractory Harzburgite 4.5 X
PS59–249-12 Harzburgite 3.5 X X
PS59–249-60 Refractory Harzburgite 3 X X
PS59–249-74* Refractory Harzburgite 3.5 X X X
PS59–257-07 Harzburgite 4.5 X X X
PS59–257-15 Harzburgite 3.5
PS59–317-06 Harzburgite 4.5
PS59–318-50 Plag Harzburgite 4.5

Note(s):
Samples with an asterisk are focus samples described in more detail in Table 2.
Abbreviations: Tr = tremolite; Chl = chlorite; Tlc = talc; Cb = carbonate.
All samples have serpentine, with rank providing a proxy for degree of serpentinization.
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characterized by D'Errico et al. (2016) for their primary mineralogy and
mantle melting history. Peridotite lithologies consist of 11 lherzolites, 14
harzburgites, 9 refractory harzburgites (<1% clinopyroxene and < 1 wt%
Al2O3) and six plagioclase-bearing samples (Table 1).

Petrographic analysis was conducted using a Leica 2500P micro-
scope to determine Gakkel peridotite mineralogy and alteration score,
from1 to 5 in 0.5 step increments (Table 1) based on the qualitative alter-
ation scale fromBirner et al. (2016). This scalemainly classifies the degree
of hydrothermal alteration based on the level of serpentinization. A score
of 1 indicates unaltered peridotite with essentially no alterationminerals,
321

Fig. 2. Photomicrographs in cross polarized light of Gakkel Ridge peridotite samples represe

3

while 5 indicates completely altered peridotite with no primaryminerals
remaining except for spinel (Fig. 2). Some samples contain zoneswith dif-
ferent levels of alteration, in which case alteration assignments are based
on the freshest portion of the sample. While this is an under-
representation of the full extent of hydrothermal alteration, the original
purpose of the scale was to evaluate samples suitable for analysis of
their primary mineralogy (Birner et al., 2016).

Forearc peridotites exposed in the Pacific Tonga Trench (n = 41)
from the Birner et al. (2016) studywere evaluated alongside the Gakkel
samples. As Tonga is the only other regionwhere the alteration scale has
been applied, the re-analysis of Tonga samples was used to (1) confirm
that the scale was being correctly applied in this study and (2) evaluate
the uncertainty of this method. In evaluating Tonga peridotites, we re-
assigned alteration scores of 12 Tonga samples by either ± half step
compared to the values from Birner et al. (2016). The average in
Tonga alteration scores between Birner et al. (2016) and this study are
nearly identical (Supplementary Table S2), indicating that the uncer-
tainty related to subjective determination of sample scores is small.

3.2. SEM-EDS analyses

Seven samples (Table 2)were selected for additional analysis using a
scanning electron microscope (SEM) with an energy dispersive X-ray
spectroscopy (EDS) detector. EDS maps and point analyses were col-
lected using an Oxford Instruments X-Max 80mm2 silicon drift detector
attached to a Zeiss Auriga 60 Crossbeam SEM at the W. M. Keck Center
for Advanced Microscopy and Microanalysis at the University of Dela-
ware. The SEM field emission gun was operated at an accelerating volt-
age of 15–20 kV and an aperture of 30 μm. Data were processed using
Aztec v3.4 software.

3.3. Whole rock analyses

We obtained whole rock major element data for a subset of eight
samples in this study along with six Tonga samples (Supplementary
Table S3). These were combined with previously collected data for
Gakkel and Tonga samples (Birner et al., 2017; Craddock et al., 2013)
to evaluate compositional range as a function of alteration score. We
prepared rock chips for crushing by cutting off exterior surfaces and
ultrasonicating in deionized water for up to one hour to remove loose
particles. Following the previous studies, whole rock powderswere pre-
pared and analyzed by the Washington State University GeoAnalytical
Laboratory (Johnson et al., 1999).

3.4. Pseudosections

Using whole rock data, pseudosections were built to constrain the
pressure (P) - temperature (T) - fluid conditions at which observed al-
teration mineral assemblages are stable and hydrothermal processes
took place. Our pseudosectionmodeling assumes closed-system hydro-
thermal alteration, where hydration of peridotites only results in addi-
tion of water to their initial chemistry. Modeling was performed using
0.5 mm

54

ntative of the hydrothermal alteration scale of 1 to 5 developed by Birner et al. (2016).



Table 2
Alteration mineralogy of Gakkel focus samplesa

Sample no. Lithology Alt. Rank Ank Cb Chl Crn Ilm Mag Prg Srp Tlc Tr

HLY102–04-63 Pl-Lherzolite 3.5 X X X
HLY102–85-09 Harzburgite 4 X X X X X X
HLY102–87-32 Lherzolite 3 X X X X X
PS59–238-59 Harzburgite 4.5 X X X
PS59–240-20 Lherz + Gabbro Vein 3 X X X X X X X X
PS59–246-01 Harzburgite 4 X X X X X
PS59–249-74 Refractory Harzburgite 3.5 X X X X X

Note(s): Mineral abbreviations: (Ank) = ankerite, (Cb) = carbonate, (Chl) = chlorite,
(Crn) = corundum, (Ilm) = ilmenite, (Mag) = magnetite,
(Prg) = pargasite, (Srp) = serpentine, (Tlc) = talc, (Tr) = tremolite.

a All samples contain relicts of the primary mineral assemblage Ol + Opx + Cpx + Spl ± Pl.
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Fig. 3. Comparison of Gakkel Ridge and Tonga Trench peridotite alteration scores. Tonga
peridotite scores (Supplementary Table S2) use the values determined in this study,
which was used to test analyst subjectivity in assigning a score. These values are identical
for 29 samples and different by ±0.5 for 12 samples compared to the original scores from
Birner et al. (2016). Gray and orange lines are the cumulative frequency distributions for
Tonga and Gakkel, respectively.
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Perple_X software (Connolly, 2009) in the NCFMASH (Na2O-CaO-FeO-
MgO-Al2O3-SiO2-H2O) chemical system, using the same thermody-
namic solid solution models as those reported in Prigent et al. (2020).
Pseudosections were calculated for water-saturated condition. A lower
water content changes the abundance but not the stability of hydrous
phases (Prigent et al., 2020).

We used the compositional extremes of peridotite samples with
fresh alteration scores of 1–2 to model alteration reactions occurring
in peridotites affected by variable degrees of partial melting. Samples
BMRG08–98–2-1 (alteration score = 1, Tonga Trench) and PS59–235-
17 (alteration score= 1.5, Gakkel Ridge) respectively define the refrac-
tory harzburgite and fertile lherzolite end-member compositions. For
the lherzolite pseudosection, Na-phlogopite or nepheline appear at con-
ditions where high-T amphibole (pargasite) is not stable. These phases
were removed as they are not observed in any of our samples.

To evaluate the change in mantle mineralogy with depth during al-
teration, we required a P-T path through the Gakkel lithosphere. The
geotherm at the Gakkel Ridge has not beenmodeled in detail. However,
seismic data indicate that the maximum depth of microearthquakes is
at ~35 km depth at the SMZ and oscillates between ~15 and 30 km
depth in the WVZ and EVZ (Schlindwein and Schmid, 2016). This
depth represents the brittle-ductile transition of peridotites, which cor-
respond to the ~600–700 °C isotherm (Abercrombie and Ekström, 2001;
Engeln et al., 1986; Wiens and Stein, 1983). Using these constraints, we
modeled the Gakkel Ridge geotherm assuming a linear P-T path starting
at seafloor conditions and passing through a depth limit for Gakkel seis-
micity of 30 km (10 kbar) at ~700 °C (Schlindwein et al., 2015). The
modal percentage of phases at thermodynamic equilibrium was then
calculated along this P-T path.

4. Results

4.1. Gakkel peridotite alteration scores

The full range (from 1 to 5 on the alteration scale) of hydrothermal
alteration is present among the 40 peridotite samples evaluated from
19 Gakkel dredges (Table 1). The degree of alteration does not vary sys-
tematically between lherzolites and harzburgites. Gakkel peridotites
have an average alteration score of 3.5 ± 1, which is higher than
Tonga peridotites (2.9 ± 1), as shown in Fig. 3. While alteration scores
of Tonga peridotites are almost evenly distributed (sub-linear cumula-
tive frequency curve), only a small number (18%) of Gakkel peridotites
have a score ≤ 2, while 43% of Gakkel samples have a score ≥ 4 (Fig. 3).
Two out of 19 Gakkel dredges (HLY0102–40 and PS59–235), compared
to six out of 14 Tonga dredges (Supplementary Table S2 of Birner et al.,
2016), contain samples categorized with an alteration score ≤ 2.5.

4.2. Petrographic and EDS constraints on alteration mineralogy

The primarymineral assemblage of most Gakkel peridotites consists
of olivine, clinopyroxene, orthopyroxene, and spinel (Fig. 2). Six
4

samples also contain plagioclase (Table 1), often identifiable in hand
sample as altered white patches, but only two samples, PS59–235-04
and PS59–240-20, contain fresh plagioclase in thin section. Sulfides
occur in Gakkel peridotites as a trace primary phase (e.g., D'Errico
et al., 2019) and as an alteration phase.We did not evaluate the system-
atics of sulfide alteration due to their low modal abundance.

All samples contain serpentine, ranging from veryminor amounts in
fresh samples (alteration score ≤ 2) to multiple generations of cross-
cutting veins in the highly altered samples (Fig. 2). For samples with al-
teration scores ≤2, serpentine ± magnetite is the only alteration phase,
occurring as incipient serpentinization on fractures and grain bound-
aries. Of the 33 samples with alteration scores ≥3, fifteen samples
(45%) have only serpentine and magnetite as alteration phases, based
on petrographic analysis. Many of these samples have a variety of ser-
pentine crystallization textures and multiple generations of cross-
cutting serpentine veins, similar to those described by Andreani et al.
(2007) and Rouméjon et al. (2015).

Tremolitic amphibole (Fig. 4a) was identified in 33% of samples and
occurs only in peridotites with alteration scores ≥3 (Table 1). Sample li-
thology is independent of tremolite occurrence as it occurs in both
harzburgites and lherzolites. Tremolite predominantly occurs in alter-
ation rims and cracks in orthopyroxene, while clinopyroxene is less
often altered to tremolite (Supplementary Fig. S1). In some samples,
tremolite was found in cross-cutting veins (Fig. 5a) and as patches in
the serpentine matrix (Supplementary Fig. S2). Tremolite also occurs
as intergrowths with serpentine and with cross-cutting serpentine
veins, indicating that tremolite formation occurred prior to, during
and after serpentinization.

Chlorite (Fig. 4b) is present in nine peridotites, all of which are
tremolite-bearing (Table 1). Chlorite was most typically found as
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alteration haloes around spinel, some of which are altered to magnetite
(Fig. 4b). In addition, acicular chlorite was found in patches intergrown
with acicular tremolite (Supplementary Fig. S2). Chlorite is also found in
the fine-grained material replacing plagioclase (Fig. 5b). Previous stud-
ies (Beard et al., 2009; Morishita et al., 2009; Dessimoulie et al., 2020)
have found that plagioclase in abyssal samples is replaced by chlorite
and either prehnite or hydrogrossular.

Talc (Fig. 4c) is present in seven samples, occurring as either
intergrowths or replacements of the tremolite rims on orthopyroxene
(Supplementary Fig. S1 and S2). Talc occurs less commonly in the
tremolite-filled fractures that cross-cut orthopyroxene, suggesting that
talc formed after tremolite. All samples with talc contain chlorite and
tremolite. In contrast, four samples (HLY102–85-09, PS59–246-03,
PS59–249-12 and PS59–249-60) have small amounts of tremolite pres-
ent as alteration rims around orthopyroxene, but do not contain either
chlorite or talc (Table 1).

Some samples have alteration veins of tremolite ± chlorite ±
oxides, in addition to serpentine veins. For example, sample
PS59–249-74 (alteration score = 3.5) has a 1 mmwide alteration vein
(Fig. 5a) cross-cutting olivine with mesh-texture serpentine and
orthopyroxene with talc-tremolite rims. The vein has an interior zone
of magnetite, rimmed on both sides by tremolite and then serpentine.
5

The serpentine rim is optically transparent in plane polarized light and
contains no magnetite, in contrast to the darker mesh texture serpen-
tine that it cross-cuts (Fig. 5a).

Carbonate veins (Fig. 4d) were found in 11 peridotites (Table 1) as
fine-grained carbonate mesh networks (6 samples) or as individual
coarse-grained veins (5 samples). In addition, ankerite (Fe-Mg-Mn car-
bonate) was found in HLY102–85-09 in a complex patch of intergrown
alteration minerals (Fig. 5c). The veins always occur as the last genera-
tion of alteration, cross-cutting all other alteration. EDS maps indicate
that the carbonate mesh networks and individual veins are mixtures
of calcite and dolomite (Fig. 4d).

A subset of samples has alteration minerals that occur as brown
patches in plane-polarized light (Fig. 5c). They are either intergrown
with or cross-cutting other alteration minerals but are too fine-
grained for optical identification. In sample HLY102–04-63, we used
EDS analysis of a patch replacing olivine to identify mesh texture ser-
pentine filled with olivine, tremolite, corundum, and ankerite (Fig. 5c).
Further EDS mapping is needed to determine the systematics of these
alteration patches.

One sample, PS59–240-20 (alteration score= 3), hasmore complex
alteration than all other samples (Fig. 6). This sample contains a gabbro
vein up to 5 mm thick that consists of plagioclase (Supplementary
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Fig. S3), clinopyroxene, magnetite, and ilmenite. A reddish-brown pleo-
chroic amphibole, identified as Ti-rich pargasite by EDS (Fig. 6), replaces
some minerals in the vein and in the surrounding peridotite matrix
(Supplementary Fig. S3). Coarse-grained tremolite and intergrowths of
tremolite needles and talc subsequently replace the pargasite (Fig. 6).
Brown serpentine replaces portions of the peridotite matrix, while
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optically transparent serpentine veins cross-cut all other minerals
(Fig. 6c) and a wide serpentine vein truncates one end of the gabbro
vein. Parts of the peridotite outside the veins are very fresh and
orthopyroxene does not have talc-tremolite rims, though some grains
have pargasite crystallized in cross-cutting fractures (Supplementary
Fig. S3). The presence of a fine-grained zone that incorporates
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), (d), and (f) show associated EDS maps (white boxes) with mineralogy labeled. Mineral
Tlc) = talc, and (Tr) = tremolite.
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recrystallized pargasite and parts of the gabbro vein, but is overprinted
by tremolite and talc (Fig. 6), indicates that the sample underwent high
strain ductile deformation after pargasite formation. In addition, olivine
and orthopyroxene in the peridotitematrixwere partially recrystallized
by this deformation.

4.3. Whole rock compositions

Whole rock analyses of the Gakkel samples (Supplementary
Table S3) confirm that they have a wide compositional range (Fig. 7a).
The whole rock Al2O3 content serves as an indicator of peridotite fertil-
ity because Al2O3 is not mobile during alteration, unlike elements such
as SiO2 and MgO (e.g., Malvoisin, 2015; Niu, 1997; Snow and Dick,
1995). Themost fertile Gakkel samples contain 3.9wt%Al2O3, compared
to an estimate of 4 wt% Al2O3 in the sourcemantle (Workman andHart,
2005). Gakkel samples extend to refractory compositions as low as 0.4
wt% Al2O3 in sample PS59–249-12, in agreement with the absence of
clinopyroxene in this sample. The lack of correlation between peridotite
alteration score andwhole rock Al2O3 (Fig. 7a) confirms that the overall
degree of alteration in a peridotite is independent of the bulk composi-
tion. The alteration score also does not correlate with other whole rock
major element abundances (Supplementary Fig. S4).

Our application of the alteration scoring system from Birner et al.
(2016) demonstrates that the method can be applied to abyssal perido-
tites from other localities. In Fig. 7b, we show that whole rock LOI is cor-
related with alteration score for both our Gakkel data and the Tonga
data from Birner et al. (2016). As LOI measures the total amount of vol-
atiles present in a sample, it provides a rough proxy for alteration in pe-
ridotites, which should have 0 wt% LOI when fresh. While LOI and
alteration score are correlated, LOI has a range of ±5 wt% for a given
petrographic-based estimate of alteration (Fig. 7b). This likely reflects
the heterogeneous distribution of alteration in the peridotite, particu-
larly when alteration minerals are mainly hosted in discrete veins. De-
spite this scatter, the overall correlation between alteration score and
LOI, as well as the correlation of this score with degree of
serpentinization (Birner et al., 2016), supports the usefulness of the al-
teration score as a method for rapidly evaluating alteration in a
peridotite.

4.4. Pseudosection results

Our pseudosection modeling using Perple_X (Connolly, 2009) indi-
cates that both the nature of chemical reactions and percentage of
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hydrous phases that form during hydration of abyssal peridotites are
highly dependent on peridotite composition and the temperature of
fluid-rock interaction (Fig. 8). Our models confirm that serpentine is
stable below ~500–600 °C at ridges, in agreement with experimental
and natural constraints (Guillot et al., 2015 and references therein).
Chlorite crystallizes at <700–800 °C, also in agreement with experi-
ments (Fumagalli and Poli, 2005), and is stable to surface conditions
for fertile peridotites. In the pseudosections, tremolite (LT-amphibole)
equilibrates between ~570–750 °C in harzburgite and down to lower
temperatures in lherzolite. Pargasite (HT-amphibole) equilibrates at
temperatures greater than ~700 °C for lherzolite. Talc is stable over a
limited temperature range of ~550–650 °C in both harzburgite and
lherzolite.

Our models suggest that the volume of amphibole that forms is a
function of peridotite fertility (Fig. 8c). Reaction of lherzolite with sea-
water above 550 °C gives rise to a higher modal percentage of hydrous
phases compared to a refractory harzburgite: 24% vs. 5% for tremolite
and 16% vs. 3% for chlorite along the P-T path modeled for the Gakkel
Ridge (Fig. 8). This indicates that lithosphere dominated by lherzolite
has a greater capacity for deep alteration compared to harzburgite. Hy-
dration of more depleted lithologies above 750 °C is not associated with
the formation of a hydrous phase. The harzburgite in Fig. 8,whichhas no
clinopyroxene and < 0.5 wt% Al2O3, produces no HT amphibole,
whereas the lherzolite (6% clinopyroxene and 3 wt% Al2O3) produces
4% HT amphibole.

5. Discussion

Our analysis of Gakkel Ridge peridotites reveals variable extents of
hydrothermal alteration along the ridge, combined with variations in
the alteration mineral assemblages that formed. Below, we evaluate
the formation conditions of these different mineral assemblages to bet-
ter constrain the effects of hydrothermal circulation in an ultramafic-
dominated ridge system. We then compare our results to studies from
other ridges to evaluate the conditions under which different mineral
assemblages form during hydrothermal alteration of the oceanic
lithosphere.

5.1. Conditions of peridotite alteration along Gakkel Ridge

Gakkel peridotites underwent variable extents of fluid-rock interac-
tion along the 600 km length of ridge that we examined. Peridotites
range from unaltered to completely altered with essentially no primary
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Fig. 8. Pseudosections for (a) refractory and (b) fertile peridotites in the NCFMASH system at water-saturated conditions. The calculation for the refractory peridotite uses thewhole rock
composition of harzburgite BMRG08–98–2-1, which is clinopyroxene-free and has an alteration score of 1. The calculation for the fertile composition uses lherzolite PS59–235-17, which
has an alteration score of 1.5. Whole rock compositions are reported in Supplementary Table S3. Red dashed lines show the estimated geotherm for the Gakkel lithosphere. (c) Modal
percentage of hydrous phases at thermodynamic equilibrium along the P-T path modeled for the Gakkel Ridge geotherm [profiles A-B on (a) and C-D on (b)].
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minerals remaining, with an average alteration score of 3.5 (Fig. 3).
Gakkel peridotites with alteration scores >3 were observed along the
entire length of the ridge in the study area (Fig. 9). The SMZ is character-
ized by a wide range of alteration, while EVZ samples have a more lim-
ited range, thoughmany fewer peridotite dredges were recovered from
this segment. Individual dredges have variations among individual sam-
ples up to 4 units on the alteration scale in the SMZ, but only up to 1 in
the EVZ. Dredges within 50 km of a vent site have high degrees of alter-
ation, with no samples having scores <3 (Fig. 9). However, vent site re-
gions are under-sampled and details of their effects on peridotite
alteration cannot be assessed without higher density sampling of
these areas.

Typical alteration minerals in Gakkel peridotites include serpentine,
magnetite, tremolite, chlorite, talc, and late-stage carbonates (Table 1).
As part of the serpentinization reaction in peridotite, brucite is expected
to form (e.g., McCollom and Bach, 2009; Tutolo et al., 2018). The absence
of brucite in Gakkel peridotites is either due to brucite reacting out as hy-
drothermalfluid compositions evolve or due to the low-temperature dis-
solution of brucite by seawater (e.g., Bach et al., 2004; Klein et al., 2020;
8

Mayhew et al., 2018). Carbonate is present in >25% of samples and is al-
ways found as the last generation alteration event. It may have formed in
conjunctionwith brucite dissolution andmay have resulted in decreased
permeability to fluid flow (Jöns et al., 2017).

The occurrence of the assemblage tremolite + chlorite + talc in a
subset of Gakkel samples provides constraints on the temperatures
over which hydrothermal alteration occurred. Our pseudosection
modeling of lherzolite (Fig. 8b) shows that serpentine + tremolite +
chlorite are stable together at ~300‐–575 °C for our Gakkel geotherm.
This assemblage is followed by tremolite + chlorite + talc at
~600-650 °C for harzburgite and ~575–650 °C for lherzolite (Fig. 8).
These models indicate that orthopyroxene in lherzolites initially reacts
to form tremolitewhile clinopyroxene remains stable to higher temper-
ature. This agrees with our observation that orthopyroxene often has
rims and fractures filled with tremolite ± talc while clinopyroxene is
less often altered to these minerals (Supplementary Fig. S1).

The use of pseudosections to model hydrothermal processes in
peridotite applies to the closed-system situation where fluid composi-
tion is buffered by the rock during alteration. However, hydrothermal
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alteration is often an open-system process, particularly when fluids cir-
culate through crustal lithologies in addition to peridotite. For example,
Tarling et al. (2018) documented a range of reactions between perido-
tite and adjacent schist in a serpentinite shear zone. For ridges, the pres-
ence of gabbro can help to stabilize tremolite and talc at lower
temperatures (e.g., 350 °C–400 °C) by increasing the silica activity of
the fluids (Allen and Seyfried, 2003; Bach et al., 2004). However, along
the Gakkel Ridge, gabbro corresponds to only 2% of material recovered
from the SMZ (Sleep and Warren, 2014), indicating that fluids could
not have been modified by the lower crust, as occurs at oceanic core
complexes (e.g., Boschi et al., 2006a, 2006b).

Anothermechanism that canmodify fluid composition ismassive fluid
circulation throughperidotite combinedwith large-scale dissolution of py-
roxenes, which could increase silica and calcium activity sufficiently to sta-
bilize talc and tremolite at lower temperatures. Crystallization of talc,
tremolite and chlorite in the rims of orthopyroxene and around spinel sug-
gests that fluid flow was pervasive but localized in close-spaced
microfractures during their formation. Similar to serpentinemesh textures
(Agrinier and Cannat, 1997; Andreani et al., 2007; Rouméjon et al., 2015;
Viti and Mellini, 1998), this argues for relatively low water-rock ratios
andequilibration offluid compositionwith theperidotite. In contrast, sam-
ples with tremolite-serpentine veins (Fig. 5a) and cross-cutting tremolite-
chlorite clusters indicate higherwater-rock ratios and enhancedfluidflow,
which is likely to support a more open system character of alteration.

In our interpretation of closed-system alteration, the occurrence of
the assemblage tremolite + chlorite + talc in 20% of our samples sug-
gests that alteration temperatures were sometimes high enough
(>500 °C) to stabilize these phases together (Fig. 8). Moreover, the
occurence of tremolite in harzburgites also indicates relatively high al-
teration temperatures (>500 °C; Fig. 8). Our petrographic observations
indicate that tremolite typically replaces serpentine, with later forma-
tion of talc (Fig. 4). We interpret the serpentine to tremolite to talc se-
quence to indicate prograde metamorphism with increasing
temperature, followed by retrograde formation of cross-cutting veins
of tremolite ± chlorite and serpentine. For the prograde metamor-
phism, fluids must have circulated deep enough in the lithosphere to
reach temperatures >500 °C, corresponding to depths >20 km in the
SMZ and > 10 km in the EVZ (Schlindwein and Schmid, 2016). Thus,
the mineral assemblages in Gakkel samples indicate that hydrothermal
fluid temperatures can reach up to 500 °C or higher.

The high degrees of alteration, complex mineral assemblages, and
common occurrence of amphibole and talc in Gakkel peridotites
(Fig. 9) underscores the prevalence and importance of hydrothermal
processes even at ultraslow spreading ridges. This result is surprising
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given that the lithosphere is colder at ultraslow spreading ridges com-
pared to faster spreading ridges (e.g., Cannat, 1996). However, ship-
based observations of the Gakkel Ridge have also noted the abundance
of hydrothermal plume sites (Baker et al., 2004; Boetius et al., 2014;
Bünz et al., 2020; Edmonds et al., 2003; Helmke et al., 2007; Stranne
et al., 2010). Dredges within 50 km of plume sites have high alteration
scores (Fig. 9) but several dredges far from any identified sites also
have high scores and contain tremolite + chlorite + talc, suggesting
that more sites may be present.

5.2. Maximal depth of hydrothermal circulation

One sample, PS59–240-20, shows evidence for more complex and
higher (>750 °C) temperature alteration compared to all other Gakkel
samples. This sample contains a brown pleochroic, Ti-rich amphibole of
pargasitic composition similar to that observed in other peridotitemassifs
(Agrinier et al., 1993; Melson et al., 1972; Roden et al., 1984). Titanium-
enrichment has been interpreted to result from amphibole crystallization
in peridotite from a hydrous basaltic melt (e.g., Agrinier et al., 1993).
However, the gabbro vein in PS59–240-20 appears to predate pargasite
formation, as pargasite replaces clinopyroxene and occurs in cross-
cutting fractures in orthopyroxene (Supplementary Fig. S3). As the abun-
dance of pargasite in this sample requires a high water content, pargasite
crystallization is better explained by hydrothermal fluid flow. As HT am-
phibole can only crystallize at >750 °C in fertile peridotites (Fig. 8), the
presence of pargasite suggests that Gakkel alteration was able to reach
temperatures >750 °C in the SMZ, which corresponds to >30 km in this
section of the Gakkel Ridge (Schlindwein and Schmid, 2016).

The occurrence of pargasite in one sample, along with the presence
of tremolite ± chlorite ± talc in one-third of our samples, provide evi-
dence of deep fluid circulation beneath the Gakkel Ridge. These obser-
vations agree with the microseismicity survey of Schlindwein and
Schmid (2016), which found that fracturing extends deep into the
Gakkel lithosphere and was interpreted to indicate deep fluid flow.
The occurrence of deep fluid flow at Gakkel is also consistent with re-
cent petrological observations for the Lanzo peridotite massif, an ex-
humed ultraslow spreading ridge. Vieira Duarte et al. (2020) observed
pargasitic amphibole with high chlorine contents, which indicates sea-
water hydration of the lithosphere at temperatures up to 800–850 °C.

5.3. Comparison of Gakkel peridotite alteration to other ridges

Serpentinization of peridotite has been the subject of many studies
(e.g., Barnes and O'Neil, 1969; Coleman, 1971; Seyfried and Dibble,
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1980; Ulmer and Trommsdorff, 1995; Fryer et al., 2000; Rouméjon and
Cannat, 2014; Cooperdock et al., 2018). However, other alteration min-
erals in peridotites have received considerably less attention, withmost
detailed observations of seafloor samples focused on oceanic core com-
plexes. These are sections of lower crust and upper mantle exposed by
exhumation along low-angle detachment faults at slow spreading
ridges (e.g., Cann et al., 1997a, 1997b; Escartín et al., 2003; Bach et al.,
2004; Morishita et al., 2009; Tao et al., 2020). Alteration of ultramafic
rocks in these settings results in the formation of talc-tremolite-chlorite
schists in the detachment fault zone (e.g., Boschi et al., 2006a, 2006b;
Escartín et al., 2003; Picazo et al., 2012; Rouméjon et al., 2018). Forma-
tion of these schists is associated with the percolation of seawater
through gabbro, which leads to enrichment of the fluids in Si, Ca, and
Al (e.g., Boschi et al., 2006a; Picazo et al., 2012, 2013). This leads to the
interpretation that talc-amphibole-chlorite schists form by localized
fluid flow along the detachment fault, causing open-system alteration
of peridotite at <500 °C (Bach et al., 2004; Escartín et al., 2003). In par-
ticular, increases in silica and calcium activities in the hydrothermal
fluid stabilize talc and tremolite at lower temperatures (Allen and
Seyfried, 2003).

The abundances and textures of tremolite, chlorite, and talc assem-
blages in Gakkel peridotites are substantially different from those in
oceanic core complexes. At Gakkel, these minerals form alteration
rims and haloes around primary minerals, whereas they occur as mas-
sive or foliated schists in the oceanic core complexes. Formation of the
schists requires large-scale fluid flow that transfers Ca and Si from the
lower crustal gabbro to the peridotite (e.g., Escartín et al., 2003; Boschi
et al., 2006a). In contrast, only small amounts of gabbro have been re-
covered from the Gakkel Ridge, with several sections of the ridge yield-
ing only peridotite (Michael et al., 2003). Geophysical surveys indicate
average crustal thicknesses<3 km and the occurrence of discrete volca-
nic centers (Jokat et al., 2003). Thus, alteration conditions of Gakkel pe-
ridotites are different (nearer to closed-system conditions) than the
open-system alteration of mafic-ultramafic systems that occurs at oce-
anic core complexes.

In contrast to the core complexes, the easternmost SWIR at 62–65°E
is a similar tectonic environment to that of the Gakkel Ridge, as the
spreading rate is also ultraslow (<20 mm/yr) and this part of the
ridge is nearly amagmatic, with <3% of dredged samples consisting of
basaltic or gabbroic rocks (Sauter et al., 2013). The ultramafic rocks con-
sist predominantly of lherzolite and harzburgite, with partial alteration
of pyroxene to tremolite ± chlorite ± talc in a subset of samples
(Rouméjon et al., 2015; Dessimoulie et al., 2020). The similarity in the
mineral assemblages in SWIR and Gakkel samples suggests similar con-
ditions of hydrothermal alteration in these two settings, both of which
lack significant contributions from crustal components.
6. Conclusions

Our systematic characterization of alteration in abyssal peridotites
from the Gakkel Ridge shows that hydrothermal circulation strongly af-
fects the ultramafic rocks exposed along more than 600 km of this
ultraslow-spreading mid-ocean ridge system. Gakkel peridotites span
the entire alteration scale, from 1 (nearly pristine) to 5 (completely al-
tered). Alteration scores positively correlate with whole rock LOI,
supporting the use of these scores for rapidly evaluating alteration in a
peridotite. Reassessment of Tonga peridotite alteration scores in this
study also shows that uncertainty related to subjective determination
of sample scores is small (±0.5). Alteration scores do not correlate
with peridotite lithology or whole rock Al2O3, indicating that the degree
of alteration is not a function of the sample composition.

Tremolite was identified in 33% of Gakkel samples, along with chlo-
rite and talc in a subset of these samples. Cross-cutting carbonate veins
occur in 27% of samples. Due to the lack of crust in most of the locations
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of our peridotite dredges, we modeled peridotite alteration assuming
closed-system conditions. Our models suggest that formation of the as-
semblage tremolite + chlorite + talc requires temperatures >500 °C,
while the presence of pargasite in one sample indicates temperatures
>750 °C. This implies that hydrothermal fluid circulation occurred in
the Gakkel lithosphere to depths>20 km. Our observations of alteration
mineral assemblages in peridotites are different to those at oceanic core
complexes, in which the presence of gabbro leads to open-system alter-
ation. Instead, the alteration of Gakkel peridotites is similar to alteration
in peridotites from the SWIR at 62–65°E, where mafic crust is also not
present.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2021.106107.
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