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Abstract We performed flow-through laboratory experiments on five cylindrically cored samples of ultra-
mafic rocks, in which we generated a well-mated through-going tensile fracture, to investigate evolution of
fracture permeability during serpentinization. The samples were tested in a triaxial loading machine at a
confining pressure of 50 MPa, pore pressure of 20 MPa, and temperature of 2608C, simulating a depth of
2 km under hydrostatic conditions. A pore pressure difference of up to 2 MPa was imposed across the ends
of the sample. Fracture permeability decreased by 1–2 orders of magnitude during the 200–330 h experi-
ments. Electron microprobe and SEM data indicated the formation of needle-shaped crystals of serpentine
composition along the walls of the fracture, and chemical analyses of sampled pore fluids were consistent
with dissolution of ferro-magnesian minerals. By comparing the difference between fracture permeability
and matrix permeability measured on intact samples of the same rock types, we concluded that the contri-
bution of the low matrix permeability to flow is negligible and essentially all of the flow is focused in the
tensile fracture. The experimental results suggest that the fracture network in long-lived hydrothermal circu-
lation systems can be sealed rapidly as a result of mineral precipitation, and generation of new permeability
resulting from a combination of tectonic and crystallization-induced stresses is required to maintain fluid
circulation.

1. Introduction

The permeability of fractured rocks and its temporal evolution are of critical importance for understanding
hydrothermal processes in oceanic crust near and away from oceanic spreading centers. At many of the
high-temperature hydrothermal systems located on slow and ultraslow spreading ridges, such as Rainbow
and Logatchev vent fields on the Mid-Atlantic Ridge (MAR) [e.g., Batuyev et al., 1994; Bogdanov et al., 1995;
Charlou et al., 2002], and on Southwest Indian Ridge [Bach et al., 2002], fluids are transported in part through
ultramafic rocks. The Lost City Hydrothermal Field located on 1.5 Ma crust on the Atlantis Massif (AM) [e.g.,
Kelley et al., 2001], and the recently discovered Von Damm Hydrothermal Field near the Mid-Cayman
Spreading Center [Connelly et al., 2012], represent a class of off-axis circulation systems that emanate fluids
at low temperatures. The permeability required to allow such vigorous circulation is estimated to be
�10212210214 m2 [e.g., Lowell et al., 2013], indicating that permeability is governed by faults and fractures.

As fluid circulates through fractures in ultramafic rocks, it promotes a set of hydration reactions in the host
rock, commonly referred to as serpentinization, plays an important role in the structure of oceanic crust
[e.g., Cann et al., 1997; Escartin et al., 2001]. During serpentinization, olivine and pyroxene are replaced by
serpentine, magnetite, brucite, talc, and carbonate minerals, thus altering the chemical, mechanical, mag-
netic, seismic, and hydraulic properties of the crust [e.g., Carlson, 2001; Cannat, 1993]. A key feature of these
reactions is volume expansion [e.g., Coleman, 1971; O’Hanley, 1992], which tends to reduce porosity and per-
meability and inhibit fluid circulation. Thus, it seems intuitive that serpentinization reactions will tend to be
self-limiting; however, hydrothermal systems hosted in extensively serpentinized ultramafic rocks remain
active for thousands of years [e.g., Fr€uh-Green et al., 2003]. Fracturing and pervasive alteration have been
observed in many IODP samples and ophiolitic complexes [e.g., Beard et al., 2009; Kelemen and Hirth, 2012;
Pl€umper et al., 2012]. It is therefore of considerable importance to understand the evolution of permeability
in fractured ultramafic rocks.

Key Points:
� Fracture permeability in ultramafic

rocks decreases rapidly as a result of
serpentinization
� Serpentinization can rapidly seal

permeability in ultramafic-hosted
hydrothermal systems
� Generation of new permeability is

required to maintain ultramafic-
hosted hydrothermal systems

Supporting Information:
� Supporting Information S1

Correspondence to:
A. Farough,
afarough@vt.edu

Citation:
Farough, A., D. E. Moore, D. A. Lockner,
and R. P. Lowell (2016), Evolution of
fracture permeability of ultramafic
rocks undergoing serpentinization at
hydrothermal conditions: An
experimental study, Geochem.
Geophys. Geosyst., 17, 44–55,
doi:10.1002/2015GC005973.

Received 7 JUL 2015

Accepted 7 DEC 2015

Accepted article online 14 DEC 2015

Published online 9 JAN 2016

VC 2015. American Geophysical Union.

All Rights Reserved.

FAROUGH ET AL. SERPENTINIZATION AND PERMEABILITY 44

Geochemistry, Geophysics, Geosystems

PUBLICATIONS

http://dx.doi.org/10.1002/2015GC005973
http://dx.doi.org/10.1002/2015GC005973
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/


Previous experimental studies of fault-rock behavior under hydrothermal conditions did not always include
permeability measurements [e.g., Karner et al., 1997; Nakatani, 1998]. Moore et al. [1994] measured the
matrix permeability of Westerly granite in the temperature range 300–5008C at 50 MPa effective pressure,
simulating temperature conditions near the base of the seismogenic zone. They found that reduction in
permeability and healing and sealing of microfractures resulted from introduction of hydrothermal fluids to
heated granite samples. Evans et al. [1997] compared the permeability of fault rocks with that of the unde-
formed granitic host rock and concluded that fluid-rock reactions strongly affect the permeability structure
of fault zones. Olsen et al. [1998] observed permeability cycling during deformation experiments at elevated
temperatures resulting from the formation and breaking of mineral seals. Tenthorey et al. [1998] and
Aharonov et al. [1998] related permeability decreases to authigenic mineral formation during diagenesis
experiments at elevated temperatures on labradorite/quartz sand. Polak et al. [2003] studied the rate of
aperture reduction in a natural fracture of a novaculite as a result of mineral dissolution and precipitation.

There are relatively few studies on the linkage between serpentinization reactions and evolution of perme-
ability in ultramafic rocks. MacDonald and Fyfe [1985] performed permeability experiments on partially ser-
pentinized intact peridotites at room temperature and obtained values in the range l0222210221 m2 for
matrix permeability. Hirose and Hayman [2008] estimated the matrix permeability of altered ultramafic rocks
and serpentinized dunite from Hole 1309D from the Integrated Ocean Drilling Program (IODP) at the AM on
MAR to range between 10219 and 10217 m2, suggesting that permeability was related to the presence of
fractures. Godard et al. [2013] conducted flow-through experiments on a permeable sintered San Carlos oli-
vine aggregate with grain size of 150–300 mm at 1908C and 19 MPa using seawater as the transporting fluid.
Permeability decreased from 0.9 3 10218 to 0.1 3 10218 m2 as a result of precipitation of proto-serpentine,
brucite, and Fe oxides during 23 days of experiment. Andreani et al. [2009] investigated changes in perme-
ability of sintered dunite samples with an average grain size of 80 mm, at confining pressure of 13 MPa and
temperature of 1608C, to study the effect of in situ carbonation. Their experiments showed an increase in
permeability at a rate of 0.0034 m2/s over 8 h. Peuble et al. [2015] investigated carbonate mineralization dur-
ing serpentinization reactions at 1808C using a sintered olivine core percolated by water enriched in CO2.
They observed localized precipitation in the flow path, indicating a control by the geometry of the porous
network. They concluded that over longer time periods, a decrease in permeability could limit in situ carbo-
nation during serpentinization reactions. None of the previous studies explored the evolution of fracture
permeability during serpentinization reactions and hence do not represent the relevant fluid transport
properties at mid-ocean ridges, where the permeability is controlled by fractures.

To better understand the linkages between hydraulic properties of ultramafic rocks and chemical reactions,
we investigated evolution of fracture permeability (kf) under hydrothermal conditions where the rates of
serpentinization reactions are high. High-temperature flow-through experiments were performed on frac-
tured cores of ultramafic rocks to determine an effective permeability (ke), which represents the permeabil-
ity of the sample treated as if it was homogeneous. Room temperature flow-through experiments were
performed on intact disks of ultramafic rocks to determine the matrix permeability (km). Estimates of km and
ke allowed us to estimate kf. The samples used in the experiments, described in section 2, were chosen to
have different mineral assemblages and textures, to assess the role of lithology on evolution of fracture per-
meability. Section 3 provides details of the experimental setup. The results, presented in section 4, comple-
ment experiments on powdered and sintered samples in which the contact area between fluid and rock is
large [e.g., Godard et al., 2013; Malvoisin et al., 2012]. Section 5 discusses the rates and possible mechanisms
of reduction in fracture permeability and how this study helps us understand the larger permeability struc-
ture of fault zones at hydrothermal conditions. Hydrothermal circulation in ultramafic rocks encountered in
some areas of oceanic crust may exhibit short-term temporal variations, reflecting the interplay between
fracture sealing and fresh fracture generation that contributes to the long life of these systems.

2. Samples and Sample Preparation

2.1. Description of Samples
We used five different ultramafic rocks for these experiments (Table 1). Three, denoted by the symbols TS,
JC, and ND, respectively, are dunites from the Twin Sisters Range in Washington, Jackson County in North
Carolina (NC), and NewDale from the Blue Ridge province in NC. They contain approximately 85% Mg-rich
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olivine, less than 10% serpentine and other minor components. One sample (SQ) is a harzburgite from near
San Quintin, Baja, Mexico, with 80% Mg-rich olivine and 15% orthopyroxene, the remainder being minor
minerals. The final sample (BC) is a pyroxenite from the Bushveld Complex, South Africa, containing more
than 85% Mg-rich orthopyroxene, less than 10% serpentine, and other minor phases. Grain sizes of the TS
and ND samples range between 0.1 and 5 mm, whereas the JC, SQ, and BC samples are more homogeneous
and fine grained, with grain sizes between 0.05 and 0.2 mm. All of the samples have been partially serpenti-
nized, ranging between 5 and 8% for ND to less than 1% for SQ. The samples selected for study do not
show evidence of surficial weathering.

This suite of rock samples provides a good representation of the ultramafic rock types in the upper mantle
[Bodinier and Godard, 2004]. Thus, these experiments can be related to serpentinization processes in
many geologic settings, such as the fore-arc mantle [Hyndman and Peacock, 2003] and the oceanic crust
[Christensen and Salisbury, 1975].

2.2. Sample Preparation
All samples were cored from hand-sized specimens to form cylinders with nominal diameter of 1.8 cm. After
coring, samples were cut to length and end surfaces and circumferences were ground and hand polished
to assure no leakage of pore fluid between the sample and outer silver jacket, as described in section 3.1.
Fractured samples used in high-temperature experiments were prepared by splitting solid cylinders
between steel wedges in an arbor press. These tensile fractures, split parallel to the sample axes, had well
mated but rough surfaces that provided more surface area for chemical reactions than if samples had been
prepared by saw cutting. Fractured samples had lengths of 2.3–2.4 cm. Samples used to determine room
temperature matrix permeability were 0.9–1.3 cm in length.

3. Experimental Setup and Procedures

We performed experiments on fractured samples of ultramafic rocks using a flow-through, high-pressure,
high-temperature triaxial machine. Flow results of the experiments are expressed in terms of ke—the per-
meability of an equivalent, homogeneous sample with no fracture. Then, by assuming a parallel plate model
for flow in a tensile fracture and independently measuring matrix permeability km, we calculated time-
dependent changes in average fracture aperture b and fracture permeability kf.

3.1. Fractured Samples
Sample assembly was similar to that in Morrow et al. [2014] (Figure 1a). Deionized water was used as the
pore fluid, to minimize corrosion of the plumbing system [Morrow et al., 2001]. In order to reduce the
degree of disequilibrium between the pore fluid and the fracture walls, a 7.5 mm thick layer of crushed
ultramafic rock of the same composition as the cylindrical sample and with a grain size between 0.18 and
1.0 mm was placed upstream of the cylindrical core and within the hot zone of the furnace. Both sides of
this porous layer were held in place by stainless steel screen meshes (Figure 1a). Interaction of the pore fluid
with the ultramafic rock fragments in the porous layer (Figure 1b) would make the fluid chemistry more

Table 1. Description of the Samples Used for the Experimentsa

Mineral Assemblage

Sample Sample ID Locality Average Grain Size (mm) Major Phase (�80–90%) Other Phases (�10–20%)

Dunite TS Twin Sisters, WA 0.2–5 Olivine (Mg1.8, Fe0.2) Serpentine (1–2%), opx
(5–10%), chromium spinel (<2%)

JC Jackson County, NC 0.1–0.3 Olivine (Mg1.7, Fe0.3) Serpentine (2–4%), talc (<1%), actinolite/
tremolite (2–5%), chlorite (<1%), chromium spinel (2–5%),

ND Spruce Pine, NC 0.1–0.6 Olivine (Mg1.8, Fe0.2) Serpentine (5–8%), Talc (2%), chlorite (2%),
actinolite/tremolite (2%)

Harzburgite SQ 1.5 km southwest of
San Quintin, Baja, Mexico

0.05–1 Olivine (Mg1.64, Fe0.36) Serpentine (<1%), Opx (15%), chromium spinel (2–5%)

Pyroxenite BC east of Bushveld complex,
South Africa

0.05–0.2 Orthopyroxene
(Mg1.56, Fe0.44)

Serpentine (2–4%), plagioclase (2–4%), talc (2%), olivine (5%)

aCompositions are provided using XRD, Rigaku’s PDXL software (version 1.8).
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realistic for a natural system when it entered the fractured rock core (see also Morrow et al. [2001]). This
layer is estimated to have �30% porosity, and it provides negligible resistance to flow (Figure 1b).

The fractured sample (D 5 1.8–1.9 cm, L 5 2.3–2.4 cm) and porous layer were placed in a 0.50 mm thick
Teflon sleeve between carbide spacers. The whole sample assembly was housed in a 0.38 mm walled,
annealed silver jacket that isolated it from the confining medium and was surrounded by a resistance fur-
nace situated inside the pressure vessel. When confining pressure was applied, the Teflon sleeve formed an
impermeable gasket between the sample and the silver jacket to prevent fluid flow along the sample sur-
face. The upper end of the sample (Figure 1c) was connected to an external pore pressure pump and also
housed a thermocouple that measured sample temperature. The lower end of the sample was connected
to a second pore pressure pump and a pore fluid sampling system (Figure 1c) that was designed to extract
fluid that had passed through the sample without reducing pore pressure in the sample. This is an impor-
tant element of the experimental design, because the pore water in the sample is in a liquid state and a
drop in pore pressure would cause it to flash to steam within the fracture. The experiments were performed
at constant confining pressure (Pc) of 50 MPa and pore pressure (Pp) of 20 MPa, yielding an effective pres-
sure (Peff 5 Pc 2 Pp) of 30 MPa, simulating a depth of 2 km under hydrostatic fluid pressure conditions. A
pore pressure difference of 2 MPa was imposed between the top and bottom pore pressure generators,
although it was reached in only a few cases. Permeability measurements were possible once a measurable
pore pressure difference was achieved as described in section 3.3.

3.2. Intact Samples
We performed a separate set of room temperature experiments on intact core samples (D 5 1.8–1.9 cm,
L 5 0.9–1.3 cm) to determine matrix permeability (km). The methodology of the intact experiments is the
same as described by Morrow et al. [2014], except that we use deionized water as pore fluid. Porous Berea
sandstone wafers (19 mm diameter by 0.65 mm thickness) with high permeability (>10215 m2) were placed

Figure 1. (a) The furnace assembly for fractured-sample experiments at elevated temperatures. (b) Cross section of the crushed-rock layer.
The pore spaces are filled with blue epoxy; the porosity of the layer in all experiments is �30%. (c) The setup of the pore pressure
system. The solute-free fluid is stored in the reservoir. If the bypass valve is open, fresh water is let into the system, and the high-side
pump directs the fluid to the sample.
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on the top and bottom of the samples, to provide a uniform pore pressure to the upstream and down-
stream sample faces. Because the matrix permeability of Berea sandstone is many orders of magnitude
higher than that of intact ultramafic rocks, it can be neglected in calculations of permeability from meas-
ured flow rates using Darcy’s Law. The sample assembly was placed in a latex jacket and secured to steel
end plugs.

Flow rate was measured under steady flow conditions at effective pressure (Pe) of 30 MPa and a constant
pore pressure difference of 4 MPa across the sample. The matrix permeability was used in conjunction with
ke to estimate kf and its evolution as a function of time.

3.3. Experimental Procedures
In each experiment, the sample assembly was first placed in the pressure vessel (Figure 1c) and evacuated
to ensure that no air was trapped in the sample or tubing. We then applied confining and pore pressure
and measured the permeability at room temperature. In the experiments on fractured samples, temperature
was then raised to 2608C, which is near the temperature for peak reaction rate for serpentinization reactions
[Martin and Fyfe, 1970]. The heating process lasted 15–20 min.

At the beginning of the experiments on fractured samples, permeability was too high for the pore pressure
pump to develop a 2 MPa gradient. These samples remained under confining and pore pressure with no
flow for 8–16 h between permeability tests. Then pumps were run at maximum flow rate (1.74 3 1024 cm3

s21) and the pore pressure drop across the sample was measured to determine permeability (supporting
information). Each day �0.9 cm3 fluid was pushed through the sample and flow rate and pore pressure
were recorded every 10 s. One full stroke of the pump comprised �0.3 cm3, and for each stroke, the col-
lected data were averaged to provide a single permeability estimate per hour. Given the maximum flow
rate of the pump, the sample dimensions and the sensitivity of the pressure transducers, the maximum per-
meability that can be measured at 2608C using Darcy’s Law (section 4.1) is approximately 2.6 3 10216 m2.

To measure permeability, valve 2 and valve 3 were closed and valve 1 was open (Figure 1c), so that the
pressure difference between the high and low-side pumps caused pore fluid to flow through the sample.
This fluid was stored in the left side of the separator that has a free-moving internal shuttle with O-ring
seals. To discharge a fluid sample, valve 1 was closed, valve 3 was opened, and the low-side pump was
advanced to eject fluid stored in the separator (Figure 1c). Then the low side was brought back up to oper-
ating pressure with the hand pump, resulting in system recharge. The final fluid sample (�0.9 cm3, compris-
ing three full pump strokes) was diluted with 1% nitric acid to the 3 cm3 volume that was required for
analysis of major cations (Mg and Fe) and silica using an Inductively Coupled Plasma Atomic Emission
Spectrometer.

Polished thin sections of the cross section of the porous layer and sections perpendicular to the fracture in
the rock core were prepared after each experiment. Mineral chemistry of the reactants and precipitates was
determined using a 5 nA beam current and 1 mm spot size on a Cameca SX50 Electron Microprobe (EMP)
equipped with four WDS spectrometers. A Camscan Series II Scanning Electron Microscope (SEM) equipped
with an upgraded image capture system and an American Nuclear Systems EDS detector was used for high-
magnification examination of the samples.

4. Results

4.1. Effective Permeability of Fractured Samples
We calculated effective permeability (ke), assuming Darcy’s Law:

Q
A

52
ke

g
DP

L
(1)

where Q is the volumetric flow rate (units of m3/s), A is the cross-sectional area of the cylinder (m2), g is the
dynamic viscosity of the fluid (Pa s), L is the sample length (m), and DP is the applied pore pressure differ-
ence across the sample (MPa). At 2608C and 20 MPa pore pressure, water viscosity is 9.6 3 1025 Pa s. In
equation (1), ke denotes the permeability measured as though the flow occurs uniformly through the cross-
sectional area A of the cylindrical sample. In a given experiment, A, L, and g are fixed and ke only varies with
Q/DP. When permeability is high, Q is limited to the maximum pump flow rate and permeability changes
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are reflected by changes in DP. For low permeability, a constant pressure difference of 2 MPa is maintained
by computer control and permeability changes are reflected by changes in Q.

Evolution of ke during the high-temperature experiments is shown in Figure 2. The time t 5 0 is the time at
which the sample reached 2608C. All of the samples showed at least 2 orders of magnitude drop in effective
permeability in the 200–330 h of the experiments. The initial high temperature values of ke ranged from
10218 to more than 10216 m2 and were somewhat variable, because starting permeability was sensitive to
how well the two sample halves were mated, which could be influenced by grain size and degree of altera-
tion [Morrow et al., 2001]. The TS and SQ samples have significantly larger maximum grain size, smaller
amounts of alteration, and thus more fracture surface roughness that resulted in poor mating of the sample
halves and higher initial permeability than BC, JC, and ND (Table 1). The initial permeability of samples TS
and SQ at 2608C exceeded the maximum measurable value for the experimental system but decreased into
the measurable range after about 50 h. The final values of ke ranged between 10218 and 10220 m2, which is
similar to the estimated permeabilities of partially serpentinized peridotites [MacDonald and Fyfe, 1985;
Hirose and Hayman, 2008; Godard et al., 2013; Tenthorey et al., 2003].

Factors contributing to uncertainty
in determining ke stem from many
causes, including sample dimen-
sions as the ratio L/A in equation (1),
which contributes less than 0.5% to
uncertainty. Pore pressure precision
is 0.005 MPa and for a 2 MPa pres-
sure drop across the sample contrib-
utes 0.25% uncertainty to the
permeability determination. For
sample permeability above about
10217 m2, the pore pressure genera-
tor cannot maintain the desired 2
MPa pressure gradient. For perme-
ability below about 10217 m2, mea-
surement of flow rate Q dominates

Figure 2. Evolution of effective permeability ke of the fractured sample, where ke is calculated assuming that flow is distributed across the
cross-sectional area of the cylinders. Time 5 0 is when the sample reached 2608C. Each measurement is averaged over the time it takes for
a full stroke of the high-side pump, which is 0.3 cm3. The black line represents maximum measurable permeability at 2608. The upward-
pointing arrows indicate permeabilities that are at or above the maximum measurable limit.

Table 2. Estimates of Matrix Permeability (km) at Room Temperature and Fracture
Permeability (kf) and Aperture (b) Near the Beginning and at the End of the High-
Temperature Experiments

238C 2608C
Sample km (m2 3 10223) Time (h) kf

a (m2 3 10216) b (m 3 1026)

TS 3.12 119 2070 1.58
313 155 0.43

SQ 46 6870 2.90
189 281 0.58

JC 3.14 1 206 0.50
282 4.2 0.07

ND 20.30 1 201 0.50
329 9.2 0.10

BC 4.61 1 1770 1.46
263 146 0.42

aEstimates for TS, JC, ND, and BC are calculated using equation (4) and for SQ
using equation (5).
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the uncertainty in determining permeability. For the range 10220< k< 10217 m2, uncertainty in Q, and
therefore k, is less than 65%. For k< 10220 m2, individual flow tests may take many hours to days and
room temperature fluctuations degrade the flow rate determination so that uncertainty in k can increase to
610% [Morrow et al., 2014].

4.2. Permeability of Intact Samples
Permeability of a set of intact samples was determined using equation (1) where k is now matrix permeabil-
ity, km. All tests were performed at 238C and effective confining pressure of 30 MPa. Table 2 shows the
measured values of km. The SQ sample contained a preexisting fracture that made permeability measure-
ments unrepresentative of matrix properties.

4.3. Evolution of Fracture Permeability
The effective permeability of the cylindrical samples with a through-going fracture can be treated in terms
of layers of different permeability parallel to the flow direction (Figure 1a). Then ke of the sample calculated
from equation (1) can be written as:

ke5
kmAm1kf Af

Am1Af
(2)

where kf is fracture permeability, Af 5 2rb m2 is the fracture cross-sectional area where r is the radius of the
sample and b is the average fracture aperture m, and the total sample cross-sectional area is Am 1 Af 5 pr2 m2.

Although the fractures generated in the core samples may exhibit significant aperture variations and tortu-
osity along the flow path, we assume that kf can be approximated using the cubic law for flow in a fracture
represented by parallel plates [Bear, 1972; Witherspoon et al., 1980]:

kf 5
b2

12
(3)

By inserting equation (3) into equation (2), one obtains:

ke5
km pr222rbð Þ1 b2

12 2rbð Þ
pr2

(4)

The estimated average fracture aperture, b, at the beginning and end of the heated tests was calculated
using equation (4) and the measured values of ke and km (Table 2). b for all the samples ranges from 0.01 to
1 mm (Table 2) and over the course of each high-temperature experiment, it decreases by as much as an
order of magnitude.

To investigate evolution of fracture permeability, we substitute the calculated values of b into equation (3)
to determine kf both at room temperature and as a function of time at 2608C (Table 2). Compared with the
evolution of ke in Figure 2, kf follows the same trend but is approximately 3–6 orders of magnitude greater
than ke and approximately 9 orders of magnitude higher than km. These differences indicate that fluid flow
in the matrix is negligible and equation (4) can be simplified to:

ke ffi
b3

6pr
5

2bkf

pr
(5)

Equations (3) and (5) show that for individual experiments, b / ke
1=3 and consequently kf / ke

2=3. For the
SQ sample, we were unable to determine km by direct measurement. In this case, we used equation (5) to
determine kf (Figure 4) and b (Table 2).

Note that in equations (2) and (4), we use the measured room temperature value of km at P 5 30 MPa, even
though its value at 2608C may change as a result of thermal cracking or mineral deformation [e.g., Moore
et al., 1994]. Calculated kf is so much greater than km that, even though the fracture accounts for less than
0.02% of the cross-sectional area of sample, flow in the fracture still dominates flow in the rock matrix. Reyn-
olds number for flow focused in a fracture can be estimated using Re 5 qvb/g where q is density of (103 kg/
m3), v 5 Q/A is velocity of pore fluid in the fracture (A 5 bd) that ranges between 3 3 102322 3 1022 (m/s),
and g is the viscosity of water at 2608C (9.6 3 1025 Pa s). The values of Re fall in the range of 102321021,
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which is considerably smaller than 10
and indicates laminar flow in the frac-
ture [e.g., Zimmerman et al., 2004].

4.4. Rock Mineralogy and Fluid
Chemistry Data
The Back-Scattered Electron (BSE)
images collected using SEM (Figure 4)
show needle-shaped crystals precipi-
tated along the walls of the fracture and
on the surfaces of loose grains that may
have moved along the fracture during
flow. In all of the samples, more than

50% of the length of the tensile fracture has new precipitation (Figures 4a and 4b) and about 10% of the fracture
length is blocked with loose grains (Figure 4c). Minor amounts of old serpentine phases were observed along
the walls of the tensile fracture, which could result in the reduction of the available reactive surface area.

The EMP analyses revealed that alteration products are mainly rich in SiO2, MgO, and FeO, and the composi-
tions are consistent with the mineral serpentine (Table 3). The Mg/(Mg1Fe) ratio of the newly precipitated
serpentine in all peridotite samples is 0.9. In a comparison between the composition of the newly
precipitated serpentine and old serpentine, SiO2 contents are 0.1–6.7% higher in the newly precipitated ser-
pentine. The concentrations of SiO2 and MgO of precipitates in the TS, JC, and ND dunite samples are
higher than those in the SQ sample. The FeO contents of the serpentine deposits in all peridotite samples
are less than 10 wt %, and the concentrations of Al2O3, TiO2, Cr2O3, and CaO are less than �3 wt %. The
high Fe contents of the serpentine from the BC pyroxenite may indicate precipitation of serpentine accom-
panied by a Fe-rich phase. Most of the new precipitates in all of the samples lined the wall of the tensile
fracture; negligible amounts of precipitated material were detected in the intergranular pores of the layers
of crushed rock above the samples. There is no evidence of brucite precipitation in any of the samples. A
similar result has been observed previously by Okamoto et al. [2011], where continuous supply of fresh fluid
causes the serpentinization reactions to proceed without the formation of brucite. Klein et al. [2015] also did
not observe brucite in their experiments, as a result of simultaneous dissolution of olivine and orthopyroxene.

The ideal case for fluid sampling and analysis would be that a 2 MPa pore pressure gradient is maintained
across the sample cell, allowing for slow, continuous flow. However, as described previously (section 3.3),
for most of the experiments, the 2 MPa pore pressure gradient was not reached. The total fluid volume
contained in the porous layer (assuming �30% porosity) plus the fracture (assuming the average estimated
aperture from Table 2) was calculated to be �0.6 cm3. Given that the volume of each fluid sample
collected is �0.9 cm3, the first fluid samples contain a considerable proportion of essentially unreacted
deionized water that was rapidly flushed through the system. As permeability decreases, the amount of
time required for an increment of fluid to traverse the fracture increases. The final fluid sample collected
during an experiment therefore comes closest to equilibration with the rock sample. Concentrations of Mg,
Fe, Si, Na, Ca, and Al increased from zero in initial deionized water to 102521023 molar in the final pore
fluid sample. The overall trend of fluid chemistry exhibits significant increases in the key chemical constitu-
ents of serpentinization reactions that are consistent with dissolution of ultramafic rocks at high tempera-
ture. The fluid chemistry data (provided in Farough [2015]) are only used as evidence that water-rock
reactions occurred. More detailed analysis of fluid chemistry is out of the scope of this paper.

5. Discussion

5.1. Rate of Reduction of Fracture Permeability With Time
The reduction in fracture permeability with time can be approximated by an exponential function:

kf 5kf 0e 2 t
t�ð Þ (6)

where kf0 is the starting permeability of the modeled interval and t* is the characteristic decay time of the
best fit exponential function in hours. Figure 3 shows the results. During the first 25–91 h of the

Table 3. The Chemical Composition of Newly Precipitated Material in the
Fracture From Microprobe Analysis

Sample TS SQ JC ND BC

SiO2 39.76 37.71 41.00 39.12 37.79
MgO 37.05 33.29 39.92 38.59 17.95
FeO 5.97 8.00 3.43 4.34 26.01
Al2O3 0.25 1.45 0.06 0.02 2.79
TiO2 0.02 0.13 0.01 0.00 0.12
Cr2O3 0.09 0.05 0.02 0.03 0.13
CaO 0.10 0.71 0.05 0.04 0.63
Total 83.24 81.34 84.48 82.15 85.42
Mg/(Mg 1 Fe) 0.92 0.88 0.96 0.94 0.59
Serpentine composition (Mg, Fe, AlVI, Ti, Cr, Ca)6 (Si, AlIV)4 O10 (OH)8
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experiments, samples SQ, BC, and JC depict a rapid decrease in permeability. Sample ND shows a less signif-
icant slope change in the first 25 h of the experiment (see Figure 2). This early rapid reduction in permeabil-
ity likely represents the effect of dissolution of asperities. Our interpretation is that following disappearance
of asperities, mineral precipitation becomes the controlling factor on permeability reduction. In samples TS,
ND, and BC, a second slope change is observed at the very end of the experiments (see Figure 2) which can
be interpreted as blockage of critical necks as a result of mineral precipitation, but based on these short-
term data, we cannot determine if the decrease will continue or not. The characteristic decay time as a
result of mineral precipitation t* varies by approximately a factor of 2, ranging between approximately 91
and 167 h (Table 4). There is no apparent relationship between lithology and t* in the experiments.

Previous laboratory studies on the evolution of permeability in both intact and fractured granitic rocks
[Moore et al., 1994; Morrow et al., 2001] also showed that the rate of permeability decrease fits an exponen-
tial function after a rapid initial decline in permeability. The experiments of Morrow et al. [2001] on fractured
samples of granite at 150 and 2508C at 150 MPa confining pressure and 100 MPa pore pressure exhibited
characteristic decay times between approximately 730 and 1580 h. Notably, the decay times for the ultra-
mafic rocks are all significantly shorter than for the granitic rocks under generally similar P-T conditions. The
difference in decay times for ultramafic and granitic rocks suggests that the rate of reaction in ultramafic
rocks is faster than that in granitic rocks under these experimental conditions.

5.2. Mechanisms of Reduction in Fracture Permeability
The changes in permeability and aperture of a natural, rough-walled fracture during flow under hydrother-
mal conditions can be affected by several factors. The most important and effective among these are min-
eral dissolution and precipitation along the walls of the fracture, pressure solution of contacting asperities,
transport of fine-grained solids along the flow path, and thermal cracking and fracture morphology. Mineral
dissolution at free faces of the fracture and thermal cracking act to increase permeability, whereas mineral
precipitation and pressure solution of contacting asperities act to decrease permeability. Transport of fine
grains and tortuosity of the flow path can affect permeability in various ways. For example, blockage of the
flow path with loose mineral grains (Figure 4c) acts to reduce permeability and increase tortuosity, whereas
dissolution or breakage of the blocked grains has the opposite effect. Pressure solution of contacting asper-
ities, as a consequence of confining pressure, governs the rate of aperture change, especially in the early
stages of the experiments [Lang et al., 2015; Moore et al., 1994]. The SEM images (Figures 4a–4c) show that
precipitation of minerals and blockage of the flow path with loose grains also contributed to the sealing
process. A comparison between estimated average aperture, b, in Table 2 and observed aperture in Figures
4a–4c (�2 to 6 mm) suggests that the spatial arrangement of the aperture distribution is strongly heteroge-
neous. The equal height of the precipitates in Figures 4a and 4b suggests that the width of the fracture was

Figure 3. Fitted exponential functions to estimated kf values presented in Table 2.
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spanned with precipitates, and that after the confining
pressure was removed and/or during sectioning of the
samples, the fracture reopened.

The parallel plate law used to estimate average aper-
ture assumes that the tortuosity of the flow path is
negligible and that fracture roughness can be
described as though all the flow is parallel to the pres-
sure gradient [e.g., Tsang, 1984]. In a rough-walled frac-
ture under confining pressure, however, portions of
the fracture may be closed as a result of mineral disso-
lution and precipitation reactions, leading to a reduc-
tion in fracture aperture and an increase in tortuosity
of the flow path. As the tortuosity increases, the effec-
tive fracture permeability may be significantly smaller
than given by the cubic law [Tsang, 1984].

5.3. Implications for Mid-Ocean Ridge
Hydrothermal Systems
The goal of this study was to better understand the
processes controlling hydraulic properties of the host
rock during serpentinization reactions in ultramafic-
hosted hydrothermal systems in oceanic crust, given
that flow is primarily controlled by fractures. We under-
stand the limitations of applying a 2 week long study
of a single fracture with an aperture on the scale of
microns to a complicated network of natural fractures
encompassing a range of sizes that were subjected to
tens to hundreds of years of fluid circulation. Neverthe-
less, extrapolating our results (Figure 3) to longer times
suggests that the permeability of a fracture �1026 m
in width would decay to kf � 10223 m2 in approxi-
mately 2–4 months, resulting in fracture permeability
approximately equal to matrix permeability. On this
basis, mechanisms to open new surface area to fluid
flow must occur to maintain the hydrothermal circula-
tion in ultramafic rocks in seafloor hydrothermal sys-
tems. Factors such as tectonic activity [Andreani et al.,
2009] and crystallization pressure [e.g., Andreani et al.,
2007; Kelemen and Hirth, 2012] coupled with mineral
precipitation may result in complex time-dependent
cyclic behavior of fluid circulation in the oceanic crust,
with impermeable mineral seals neighboring high-
permeability areas.

Although permeability decreased rapidly as a function
of time in these experiments, Figure 4c shows short,
thin fractures that appear to have extended away from
etch pits. If experiments were run for greater durations,
these small fractures might eventually contribute to a
secondary fracture network, thereby generating new

permeability [e.g., Malvoisin et al., 2012; Kelemen and Hirth, 2012]. Some analyses of mineralized fractures in
IODP samples indicate different generations of fractures in fracture networks [Beard et al., 2009].

Fluid circulation in seafloor hydrothermal systems is fed by a large system of fractures that are continually
plugging and fracturing in different places. These processes likely create a heterogeneous permeability

Figure 4. BSE images of the tensile fracture. (a and b)
Needle-shaped crystals precipitated along the wall of the
fracture. (c) Precipitation of needle-shaped crystals along the
walls of the fracture and along the sides of a loose grain.
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structure in oceanic crust, which could affect the behavior or the life cycle of seafloor hydrothermal
systems.

6. Conclusions

This study monitors changes in permeability of fractured samples of ultramafic rocks under hydrothermal
conditions, in order to better understand the rate at which serpentinization reactions affect fracture perme-
ability and to shed some light on the linkages between the physical and chemical changes of the oceanic
crust during hydrothermal circulation in ultramafic rocks. For a variety of rock lithologies, the experimental
results show that fracture permeability decreased as much as 2 orders of magnitude during the 200–330 h
of the high-temperature experiments.

Although several factors may have contributed to the decrease in permeability, precipitation of serpentine
minerals along the walls of the tensile fracture played an important role. These results suggest that serpenti-
nization reactions can block flow paths and impede fluid circulation in the oceanic crust in a relatively short
time, even with the limited reactive surface area available in fractures. Long-term maintenance of fluid cir-
culation in ultramafic-hosted hydrothermal systems requires the frequent generation of new permeable
pathways, perhaps by a combination of tectonic activity and crystallization pressure.
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