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a b s t r a c t

We describe the design, testing, and performance of an actively controlled deep-sea Free Ocean CO2

Enrichment (dp-FOCE) system for the execution of seafloor experiments relating to the impacts of ocean
acidification on natural ecosystems. We used the 880 m deep MARS (Monterey Accelerated Research
System) cable site offshore Monterey Bay, California for this work, but the Free Ocean CO2 Enrichment
(FOCE) system concept is designed to be scalable and can be modified to be used in a wide variety of
ocean depths and locations. The main frame is based on a flume design with active thruster control of
flow and a central experimental chamber. The unit was allowed to free fall to the seafloor and connected
to the cable node by remotely operated vehicle (ROV) manipulation. For operation at depth we designed
a liquid CO2 containment reservoir which provided the CO2 enriched working fluid as ambient seawater
was drawn through the reservoir beneath the more buoyant liquid CO2. Our design allowed for the
significant lag time associated with the hydration of the dissolved CO2 molecule, resulting in an e-folding
time, τ, of 97 s between fluid injection and pH sensing at the mean local T¼4.3170.14 1C and pHT of
7.62570.011. The system maintained a pH offset of �0.4 pH units compared to the surrounding ocean
for a period of �1 month. The unit allows for the emplacement of deep-sea animals for testing. We
describe the components and software used for system operation and show examples of each. The
demonstrated ability for active control of experimental systems opens new possibilities for deep-sea
biogeochemical perturbation experiments of several kinds and our developments in open source control
systems software and hardware described here are applicable to this end.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

With the recent introduction of cabled observatory systems
(Favali and Beranzoli, 2006; Massion and Raybould, 2006; Favali
et al., 2010) new opportunities for deep-sea experimental science
have arisen. While many of the instruments that have been
deployed on such cables can report in real-time through their
power and optical fiber connectivity they are still in a sense
passive instruments that simply record the events of the natural
world around them.

We describe here the creation of an actively controlled deep-
sea experimental system for investigation of the impacts of
elevated oceanic CO2 levels on seafloor marine ecosystems from
concept through design, testing, and construction into full

operation. The system may also be adapted to experiments
controlling dissolved O2 levels or for a combination of CO2 and
O2 perturbation experiments. Although the system described here
was developed for deep-sea operation, the intent has been to
understand the fundamental physical and chemical principles
involved in order to produce a fully scalable system with sufficient
design flexibility so that other deep and/or shallow water systems
of varying dimensions can be adapted from it. This technology
transfer process is already occurring at several other Free Ocean
CO2 Enrichment (FOCE) sites (Kline et al., 2012; Gattuso et al.,
2014).

The impetus for creation of a pH controlled experimental system
may be traced to concerns that arose when small-scale direct deep-
ocean CO2 disposal experiments were carried out at a depth of
3600 m (Brewer et al., 1999). These efforts were driven by the
recommendations of a US President’s Council of Advisors on Science
and Technology report (PCAST (President’s Council of Advisors
on Science and Technology), 1997) that, following an idea first
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suggested by Marchetti (1977), advocated direct disposal of cap-
tured fossil fuel CO2 in the deep ocean where it was presumed a
stable solid hydrate would form. The images from that deep-sea
experiment of a fish swimming by a beaker of overflowing liquid
CO2, driven by formation of solid CO2 hydrate, stimulated long-
latent awareness of both the true scale of future fossil fuel CO2

emissions and the difficulty of dealing with this (Cicerone et al.,
2004; Shirayama and Kogure, 2004; IPCC, 2005). Until that time the
beneficial role of large scale ocean absorption of fossil fuel CO2 from
the atmosphere was the dominant focus of scientists, although in
retrospect the warning signs of the forced changes in ocean
chemistry were present for many decades (Brewer, 2013). Simulta-
neously with the interest in direct deep-ocean CO2 disposal, large
scale under-sea geologic sequestration of CO2 produced from off-
shore oil and gas fields began and questions over the impact of any
future seafloor CO2 leakage arose (Widdicombe et al., 2013).

Early experiments on biological impacts of artificially elevated
CO2 levels in the deep sea (3600 m) were reported by Tamburri et al.
(2000) and by Barry et al. (2004, 2005). These were carried out with
single pools of liquid CO2 as the CO2 source. The physical properties
of liquid CO2 are such that at depths below about 2600–2800 m
(depending upon the in situ temperature) it is denser than sea water
and thus gravitationally stable on the seafloor (Brewer et al., 1999).
This allows experimental emplacement of an open pool of liquid CO2

that creates a dense plume of low pH water as the CO2 dissolves into
the surrounding seawater. When these first experiments were
conducted to assess the impact of low pH/high CO2 seawater on
local marine life it was quickly realized that the effect of the local
tidal ellipse was to create a highly variable diurnal ΔpH signal which
greatly exceeded the natural background variations.

These experiments, while accurately depicting the locally varying
small-scale pH field around a liquid CO2 disposal event, did not
provide a useful way of assessing long-term marine life impacts of a
future high CO2 ocean although valuable short term impact studies
emerged (Thistle et al., 2006, 2007); animals at a specific site were
exposed to a low pH/high CO2 plume for only a short time twice a day.
To be useful for long-term assessment of biological and organismal
impacts of ocean acidification some greater degree of control over CO2

enrichment and flow rate within a specified volume is required so that
a reasonably constant pH offset above the varying natural background
can be maintained.

We realized that lessons could be learned from the global series
of FACE (Free Air CO2 Enrichment) terrestrial ecosystem experi-
ments (DeLucia et al., 1999; Shaw et al., 2002). That effort
demonstrated that experiments within greenhouses showing
strong stimulation of plant growth from elevated atmospheric
CO2 levels might not apply to the real, more complex, open world
of climate change. The net result from a very large number of these
FACE field experiments was that natural land ecosystems would
benefit little, if at all, from elevated CO2 levels (Long et al., 2006).

Similarly, aquaria pH perturbation experiments might not
adequately represent impacts on complex ecosystems and careful
in situ studies may show problems, or resilience and abilities to
compensate in some species. We will not know unless competent
experiments at a wide variety of sites can be carried out and we
can advance beyond single species aquarium studies; here we
describe progress in creating such field experimental systems.

2. Initial studies

2.1. First attempts at a CO2 enrichment control system

Three principles guided the design and operation of the FOCE
experimental system. (1) The system needs to be “open to the
ocean” in such a way that natural variations in S, T, P, O2, TAlk and

food supply are not altered. Unlike experiments in aquaria where
these parameters are often held constant, FOCE experiments
should reflect natural variations and diurnal to seasonal cycles as
much as possible. (2) The system is intended to be a total CO2

enrichment experiment not a pH experiment. TCO2 levels are
increased without changing the alkalinity in order to achieve pCO2

levels predicted for the next century through the addition of
dissolved CO2, not by the addition of bicarbonate or strong mineral
acids. (3) The resulting change in pH is used to monitor the change
in TCO2 and pCO2 in order to provide real-time feedback and
control of the CO2 addition.

On land the tactic has been to encircle an area of vegetation with
a ring of controlled CO2 gas emitters programmed to release only
from the upwind sector of the ring. It is clear that very different
experimental constraints apply in the ocean. The physical forces on
the apparatus are larger, and the experimental set-up is more
challenging whether by scuba divers or by remotely operated
vehicles (ROVs). Most importantly, CO2 in sea water has a complex
chemistry with significant reaction rate kinetics (Zeebe and Wolf-
Gladrow, 2001) that greatly impacts the ability to sense and thus
control a plume of CO2 enriched sea water (Brewer et al., 2005). In
our Supporting Information, we describe the early experiment
development which began with a simple ring structure system test.
This quickly led to the need for providing a delay time between
addition of the CO2 rich working fluid and the observation chamber
to allow time for the hydration of the aqueous CO2 molecule to
proceed and thus provide the desired pH perturbation.

2.2. Experimentally defining the chemical reaction rates and design
implications

The essential chemical reaction rates for the hydration of CO2 in
sea water have been carefully observed in the laboratory (Johnson,
1982; Soli and Byrne, 2002). This information was gathered and
incorporated into a rigorous theoretical treatment by Zeebe et al.
(1999) and Zeebe and Wolf-Gladrow (2001). The end result is a
series of equations where the relaxation time, τ, is dependent
upon total CO2 concentration, temperature, pressure, and the final
pH of the system.

We have conducted the essential field measurements of these
basic reaction rate equations developed from laboratory data in
the deep waters of Monterey Bay. We used a closed cell pH
perturbation technique first reported by Nakayama et al. (2005)
in which we used a ROV (Fig. 1a) to carry and control a simple
titration cell (Fig. 1b) to depth and followed the time course of the
pH curve resulting from injection of various volumes of CO2

saturated seawater (Fig. 1c and d). The pH data within the cell as
a function of time obtained in situ was first converted into the
concentration of OH� and the best fit to the exponential decay
curve was then found to determine the experimentally measured
τ. These experiments are fairly quick to execute and within a single
ROV dive we were able to make measurements over a span of
temperature, pressure, pH and δCO2 conditions.

The Zeebe andWolf-Gladrow (2001) CO2 kinetic model is based
upon the interaction of the two competing reactions of CO2 with
water as a function of pH:

CO2þH2O ⇌
kþ 1

k� 1

HCO�
3 þHþ ð1Þ

CO2þOH� ⇌
kþ 4

k� 4

HCO�
3 ð2Þ

the dissociation of bicarbonate ion and the dissociation of water:

HCO�
3 ⇌CO2�

3 þHþ ð3Þ

W.J. Kirkwood et al. / Deep-Sea Research I 97 (2015) 1–92



H2O⇌Hþ þOH� ð4Þ

for which the following equilibrium constants are defined:

K2 ¼ ½CO2�
3 �½Hþ �=½HCO�

3 � ð5Þ

KW ¼ ½Hþ �½OH� �: ð6Þ

Zeebe and Wolf-Gladrow (2001) then defined the following
equations for the reaction rate following a perturbation in TCO2 or
pH in terms of τ, the relaxation time (also known as the e-folding
time) for the approach to equilibrium:

dðδCO2Þ
dt

¼ �1
τ
δCO2 ð7Þ

where

1
τ
¼ kþ1�k�1ð∂Sb½Hþ �þ∂Sh½HCO�

3 �Þ�k�4∂Sbþkþ4ð½OH� �þ∂Soh½CO2�Þ
ð8Þ

and

∂Sb�
∂½HCO�

3 �
∂½CO2�

¼ � ½Hþ �þ2½CO2�
3 �=ð1þαÞ

K2þ½Hþ �þ½CO2�
3 �=ð1þαÞ

ð9Þ

∂Sh�
∂½Hþ �
∂½CO2�

¼ �∂sbþ2
1þα

ð10Þ

∂Soh�
∂½OH� �
∂½CO2�

¼ α
∂sbþ2
1þα

ð11Þ

and

α¼ KW=ð½Hþ �Þ2 ð12Þ

½CO2�
3 � ¼∑CO2=ð1þ½Hþ �=K2þð½Hþ �Þ2=K1=K2Þ ð13Þ
In Fig. 2 we show the results of comparing our experimentally

determined relaxation times with those calculated from the
Zeebe–Wolf-Gladrow model for the same P, T and final pH and
TCO2 conditions. Based upon the success of these ROV based
experiments, we used the Zeebe and Wolf-Gladrow (2001) model
to predict the CO2 reaction kinetics at the seafloor conditions of
the FOCE experiment (Fig. 3).

2.3. Selection of a site

Installation of a real-time controllable deep sea experiment requ-
ires uninterrupted power and communications and we selected the
MARS (Monterey Accelerated Research System) cable site (Massion
and Raybould, 2006) in Monterey Bay as the location to begin our
FOCE studies. The main node for this cable is located 30 km offshore at
a depth of 880 m with an annual mean temperature of 4.3170.14 1C
and a mean pHT of 7.62570.011. From these data and with reference
to the predicted rates of carbonate species equilibrium kinetics (Fig. 3)

Fig. 1. (a) ROV Ventana sitting on the deck of R/V Point Lobos during final check-out procedure and ready to dive. The titration cell and CO2–ESW cubitainer are visible on the
ROV swing-arm located on the lower port-side of the ROV. (b) The titration cell installed on the ROV Ventana for field observation of the relaxation time of an injected pulse
of CO2 rich sea water at the depth of the experimental site. (c) Observed pH changes at depth from a series of injections of CO2 saturated seawater as hydration of the CO2

molecule occurs. (d) Observed change in OH� ion concentration for one of these injections. From these data the time constant, τ, for the control of a deep-sea CO2

enrichment experiment can be determined. The data are a close fit to the Zeebe and Wolf-Gladrow (2001) model predicted τ values (see Fig. 2).

W.J. Kirkwood et al. / Deep-Sea Research I 97 (2015) 1–9 3



we find that the e-folding time (τ) at this location is �97 s at average
background conditions but only 40 s within the FOCE experimental
chamber with a reduced pH of 7.325 (ΔpH¼�0.3).

3. Materials and methods

3.1. Adoption of a basic flume design

The final FOCE design selected for the MARS site was a
modified flume system (Fig. 4). This permits control of flow within

the unit while maintaining open contact with the sediments. The
design requires the addition of long wings connecting the CO2

injection point to the control volume in the center of the unit.
These serve as delay paths which allow the chemical reactions to
approach equilibrium during the time interval between addition of
the CO2 enriched working fluid at the end of either wing, and
arrival of the flow in the center control chamber. The CO2 enriched
sea water is denser than background sea water (Brewer and
Bradshaw, 1975; Dunk et al., 2005) thus it is inevitable that small
density differences will be created at the point of injection and the
delay path also allows for significant mixing during transit so that
density anomalies are minimized in the control chamber.

The scale of the demonstration unit was guided by the dimen-
sions of the ROV system used for test deployments. It consisted of
a box constructed of acrylic panels supported by fiberglass struts
that also provided the mounting points for the required electronic
housings and components. The dimensions of the central chamber
were 2 m�1 m�50 cm. A hinged lid allowed the ROV to access
the center control chamber for addition and removal of science
experiments.

Controllable thrusters at each end of the central chamber
provided flow to simulate the external environment and the tidal
flow velocities characteristic of this deep sea location. Power and
communication were provided by connecting the FOCE system to
the main MARS cable node via an underwater mateable electro-
optical cable and connector (ODI). An image of the assembled
system in the fully deployed state is shown in Fig. 5 (right panel).
For launch and recovery the side arms were folded up and latched
together (Fig. 5, left panel). Blocks of syntactic foam were attached
for suitable buoyancy and vertical stability during the free fall
deployment of FOCE from the ocean surface. During deployment
90 kg of lead was added to make the flume 45 kg negatively
buoyant to allow rapid sinking and minimal lateral drift from the
launch point. Once deployed and on the sea-floor, the entire unit
was picked up by the ROV and moved to the desired site close to
the MARS power and communications node. At this point the latch
was released and the side arms were fully opened (Fig. 5 right
panel). For recovery the side arms were re-folded and latched,
then removal of the 90 kg of lead resulted in 45 kg of positive
buoyancy for rapid recovery by free ascent to the sea surface for
ship recovery.

A dual valve system allowed the CO2 enriched seawater to be
delivered to either end of the FOCE frame. The electrically actuated
valves were deployed in an oil-filled housing and were manually
controlled via the FOCE GUI (see FOCE Flume Electronics and GUI
in the Supporting Information). The basic plan of operation was to
drive the water-flow inside the flume in the same direction as the
exterior flow—both to avoid fighting the current and to exhaust
the low pH seawater water down-stream from the experiment.
The controllable thrusters modulated the velocity inside the flume
to match the exterior velocity as much as possible.

3.2. Design of a CO2 enriched sea water system

The enriched sea water (ESW) delivery system was based upon
the system of Dunk et al. (2005) in which a contained volume of
buoyant liquid CO2 was allowed to slowly dissolve into a slow flow
of sea water beneath it. The resultant highly CO2 rich/low pH sea
water is denser than the ambient seawater and sinks to the bottom
of the container and is then drawn off to serve as the working fluid
for the FOCE system. Under the temperature and pressure condi-
tions at the site we are well within the CO2 hydrate stability
conditions and therefore hydrate formation could in theory
provide significant flow blockage to our delivery lines. In practice,
massive CO2 hydrate formation did not occur although a hydrate
skin formed at the liquid CO2-sea water interface within the CO2

Fig. 2. Experimentally determined in situ values of τ versus those calculated from the
Zeebe–Wolf-Gladrow model using the in situ salinity, temperature, pressure, total CO2

and pH.

Fig. 3. The e-folding time predicted using the Zeebe and Wolf-Gladrow (2001)
model for the MARS cabled site in Monterey Bay as a function of in situ salinity,
temperature, pressure, pH and total CO2 concentration. The slow reaction rates at
low temperature are partially offset by the more acidic pH conditions in the lower
O2-higher CO2 waters at depth.
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reservoir. This remained as a thin film throughout the experi-
mental period.

The ESWsystem (Fig. S5) was comprised of a 316 stainless steel
containment tank with an internal volume of 240 l, an in-line pH
sensor to monitor the fluid being delivered to FOCE, a peristaltic
pump for metered delivery of the CO2 enriched sea water, a one-
atmosphere electronics housing for pump and valve control, an oil
compensated junction box for easy and quick electrical termina-
tions, an oil compensator, and a valve switch box (located on the
FOCE frame) for electrically switching the fluid into either end of

the flume. It was configured in a trapezoidal cross section (91 cm
long, 41 cm tall at one end, 46 cm tall at the other end, and 61 cm
wide) resulting in a sloped base. The sloped bottom permits easy
withdrawal of the denser ESW from the lower end of the
ESW tank.

3.3. Required quantities of CO2

The pH perturbations approximate those predicted from var-
ious IPCC emission scenarios (IPCC, 2005) and were adjusted for

Fig. 4. Drawing of the assembled system in the deployed state with the folding time delay wings in the fully deployed condition. A more detailed drawing of the enriched sea
water system is provided in the supporting materials.

Fig. 5. Left panel: FOCE frame in the folded position prior to deployment. A lifting bail at the center also served to help latch the two wings together for deployment and
recovery. This bail was also used by the ROV to move the frame into position near the MARS Cabled Observatory node. Right panel: Once in position, the ROV unlatched the
two wings and carefully lowered them into a horizontal position on the sea-floor. The stack of white syntactic foam blocks used for buoyancy is clearly visible.
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the lower buffer capacity of deep sea water. A pH change of �0.3
would be typical for FOCE studies although significantly greater pH
stresses can be applied if desired. Given the dimensions of the
deployed flume system it was possible to calculate the required
quantities of CO2 for various combinations of flow rate, and
background sea water chemistry. In Table 1 we show example
calculations in the case of a 0.5 m2 end face with a 4 cm per s
current flow with desired controlled pH shifts of 0.3 and 0.5 pH
units below ambient conditions. The mass of sea water moving
through a chamber of these dimensions is 1200 kg per min. The
energy required for moving this mass of water along a neutral
density surface is surprisingly low: only �120 W is required for
the thrusters.

The chemical demands for providing the desired pH shift can
then be estimated knowing the background alkalinity and pH of the
ocean at this site. The ESW contains a working fluid in near
equilibrium with the solubility of CO2 hydrate. At ambient tem-
perature and pressure the full equilibrium concentration of dis-
solved CO2 is 656 mM. Given the small surface area of the interface,
and a steady demand for CO2 ESW, it is unlikely that complete
saturation is maintained. For the sake of estimating demand in
Table 1, we assumed an ESW CO2 concentration of 500 mMwhich is
about 75% of saturation. When delivered to the FOCE unit at a rate
of about 0.6 l/min this will yield a pH shift of �0.3; while a rate of
1.1 l/min will yield a pH shift of �0.5. Once the ESW tank was filled
with liquid CO2, the contained volume of liquid CO2 was sufficient
to supply the enriched sea water demand for one month with a
ΔpH of �0.3 pH units and a 4 cm/s internal flow rate.

3.4. FOCE flume electronics and GUI

A diagram of the FOCE flume hardware, sensors, CO2-ESW
system, and the control system is shown in Figs. S4 and S6. A Linux
computer in the main FOCE electronics housing handled control of
the various pumps and valves under commands from the FOCE
graphical user interface (GUI). The FOCE GUI is a custom designed
interface and was written in Java 6. It ran as a stand-alone
executable on a Windows laptop. The GUI consisted of a single
“window” with seven tabs to select the various data displays: pH,
Water Velocity, CTD, Device Control, Environmental Conditions,
Power Consumption, and CO2 Subsystem. Once the operator
selected and entered thruster motor speeds, pH calibration offsets,
ESW pump speed, etc., the GUI transmitted the appropriate
commands via the MARS cable to the FOCE flume on the sea-
floor. A detailed description of the GUI can be found in the
Supporting Information.

The main CPU housing was directly connected to the MARS
cabled observatory node via a 30 m underwater mateable ODI

cable. This cable carried both power and Ethernet communica-
tions. Three power supplies converted the 375 V power from the
MARS node to the 12 V, 24 V and 36 V buses within the main
housing. This housing also supplied power and communications to
the sensors, motors, lights, cameras and pumps.

The ESW electronics housing was mounted on the ESW box and
distributed all power and communication to the subsystems via
three electrical penetrators. It provided inrush limiting for the
375 VDC input voltage, which was down converted by a 24 VDC
Vicor module. 12 VDC and 5 VDC were also generated from the
24 VDC bus for use on lower level subsystems. Power and
environmental monitoring were handled through custom built
circuit boards. Ethernet-to-serial conversion was handled via a
Digi serial server. There was no computer in the ESW subsystem;
all control was handled through the main FOCE computer in the
main CPU housing.

4. Results

4.1. System testing

Once the systemwas installed on the sea floor, connected to the
MARS node and preliminary command and control functions via
the GUI were verified, a series of tests were conducted to
investigate the response times and overall stability of the FOCE
system. The first of these was a sequence of thruster motor tests to
demonstrate the ability to move water through the flume. It was
also desired to test if thrusters at both ends of the flume were
required or if only one thruster was sufficient to drive the desired
flow-rates. In Fig. 6, we show the results of one of these tests. The
motor speeds were increased step-wise from 0 to 280 counts then
back down to zero and in reverse and back again. Because the
thruster motors face opposite directions, the motors had to be
operated with opposite signs in order to move water in the same
direction. This cycle took 4 h to complete and was repeated 6 times
while the interior seawater velocity was monitored using a Vector
velocimeter. The motors provided reproducible flow throughout
this test.

For the initial pH control test we kept the flow through the
flume constant. The result of this test is shown in Fig. 7 (upper
panel). We made two additions of CO2 ESW. The first lasted for
30 min beginning at 15:00 PDT (Pacific Daylight Time), while the
second lasted for 90 min beginning at 16:15 PDT. The time offset
from when the ESW peristaltic pump was started and when the
first pH offset was measured by pH sensors pH3 and pH4 is an
indication of the transit time of the seawater to the central
chamber inside FOCE. The time lag between the pH offset in the
forward pH sensors (pH3 and pH4) and the rear pH sensors (pH1
and pH2) shows the transit time through the central chamber.
Since both the forward (pH3 and pH4) and the rear pH sensors
(pH1 and pH2) showed a nearly identical pH, the time delay inside
the wings was sufficient for almost complete CO2 equilibration to
be achieved. During each addition of ESW, small negative spikes in
the external pH (pH5 and pH6) can be seen: one spike between
15:00 and 16:00 PDT, and quite a few between 16:15 and 18:00
PDT. These result from high CO2 seawater exiting FOCE and being
carried back in diluted form across our external pH probes. This
reveals the necessity of knowing the external current direction
and adjusting the internal flow direction accordingly so that any
ESW exiting FOCE will not re-enter the system.

In a second and longer test of the system (Fig. 7, lower panel)
we made a single addition of ESW at varying pump speeds to
demonstrate that we could select any desired pH offset (within the
designed operational limits) via GUI control. The CO2 ESW pump
rate was increased in four steps at 30 min intervals and then

Table 1
Estimation of the amount of CO2 enriched seawater working fluid required for
three pH shifts at the average background conditions at the FOCE MARS site
assuming a 4 cm/s laminar flow velocity inside the FOCE flume.

Cross-sectional area of controlled volume (m2) 0.5

For a 4 cm/s current
Volume¼area� current velocity (m3/s) 0.02
Volume¼area� current velocity (m3/min) 1.2
Mass of seawater (kg/min) 1200

pH shift desired �0.5 �0.3 �0.1
CO2 required (mmol/kg) 177.9 95.0 30.0
CO2 required (mmol/min) 213.5 114.0 36.0
ESW CO2 concentration (mM) 500
Vol ESW required (l/min) 0.43 0.23 0.07
Vol ESW required (l/h) 26 14 4
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Fig. 6. Upper panel: plot of motor rpm command settings for motor 1 (red) and motor 2 (blue) showing the repeated cycling from 0 rpm/s to þ270 then down to zero and to
�270 and back to zero. The fan motor speed was controlled by a fan speed ‘app’ running on the FOCE flume on-board computer. Because the motors are mounted facing in
opposite directions, the motors have to turn in opposite directions in order to force the water to move in the same direction. Middle panel: plot of the actual motor rpm/s for
motor 1 (red) and motor 2 (blue) as sensed by the on-board control module. Lower panel: plot of internal water velocity (x-axis direction/long axis of flume¼red; y-axis
direction/cross axis of flume¼blue) as a function of time. Notice that the apparent flow velocity is about three times faster when motor ♯1 is turning in the negative direction
and motor ♯2 is turning in the positive direction, than when they are turning at the same rpm but with both directions reversed. We were unable to determine whether this
was a real effect or strictly the result of a flow sensitivity bias in the Vector velocimeter. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Upper panel: plot of FOCE flume pH during the first CO2 ESW trial. There were four pH sensors located inside the flume center section: two forward/upstream (green
and yellow traces) and two rear/downstream (red and blue traces). In addition, there were two external pH sensors (magenta and cyan). Two additions of CO2 ESW were
made: the first starting at 15:00 PDT and lasting 30 min at a single addition rate; the second starting at 16:15 PDT and lasting 90 min at varying rates. The lag time between
the start of CO2–ESW pumping and appearance of the low pH seawater in the flume is a measure of the internal water velocity as it transits down the delay wing. Lower
panel: plot of FOCE flume pH during the second CO2 ESW trial. In this trial a single addition of CO2 ESW was made. As before, the flow of seawater through the plume was
held constant while the addition rate of the CO2 ESW was varied by changing the speed of the peristaltic pump in order to vary the CO2 mixing ratio and, as a consequence,
the seawater pH. Four distinct pump speeds were used to add CO2 to the chamber and lower the pH; these steps were repeated in reverse to return the CO2 concentration to
background levels and raising the pH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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decreased in four steps again at 30 min intervals. Again the time
lag between changes in pump speed and the arrival of the pH shift
is clearly seen. Likewise the forward (upstream) pH sensors (pH3
and pH4) record this change before the rear (further downstream)
sensors (pH1 and pH2). As all four sensors show nearly identical
pH offsets for each of these steps, we concluded that the necessary
time for full pH and CO2 system equilibriumwas achieved and that
both the pH and CO2 enrichment levels were uniform within the
center chamber where science experiments were to be performed/
executed.

4.2. Long term operation

A biological impact experiment lasting 32 days was conducted
at the FOCE site (Barry et al., 2014) during which the pH was offset
�0.4 to �0.5 from background conditions. Fig. 8 shows physico-
chemical data from the first few days of the experiment; this
illustrates some of the challenges experienced while running a
high CO2/low pH experiment, in real time remotely in the deep-
sea.

Over the course of this 32 day experiment, we were able to
manually maintain a pH offset of �0.4 to �0.5 pH units with only
minor deviations outside this experimental design specification.
Adding real-time pH feedback control of the ESW pump and
directional control of the fans according to the ambient sea-floor
currents should help to minimize excessive pH excursions in
future experiments.

The FOCE flume was continuously deployed at the MARS site
for 18 months with 7 pH sensors, 2 CTDs, one Vector velocimeter
and one Workhorse ADCP, although the CO2 releases were carried
out only when needed. Data was collected continuously at 1 min
intervals from the CTDs and at 10 s intervals from the pH sensors.
Over 2 GB of data was collected, not counting the velocimeter or
ADCP data. Several minor power interruptions were experienced

due to failure of the local utility shore-side power supply. Upon
restoration of the power, both the flume and the data collection
services re-started automatically. The only mechanical failure we
experienced during the 18 month deployment was loss of the
chain drive to the motor thrusters at either end of the center
chamber due to the unintentional entrainment of animals (hagfish
and crabs) in the chains and gear mechanism. During our routine
ROV visits to the FOCE site we were able to restore the drive
mechanism. The use of a chain guard or a direct drive motor
system connected to the thrusters would alleviate this mechanical
problem in the future.

5. Discussion

There is little information on the natural background fluctua-
tions of pH in deep ocean water and thus the time information
provided here provides some new insights. The strong auto-
correlation of pH with the variance of the controlling species (the
CO2–O2 system, salinity, and temperature) is well known and we
find that the background pH signals at this site were very strongly
correlated with CTD data. The dominant local signal we observe is
at the tidal frequency with a mean pHT of 7.625 and daily
fluctuations of 70.01 pH around this mean. Unusual events –

benthic storms, mud slides etc. – will undoubtedly occasionally
occur with associated short term pH excursions. But the life
experience of animals above or at the sediment-water interface at
this site is typically confined within a 20–30 milli-pH range on a
daily basis and a 50–60 milli-pH range over the course of a year.
This stands in sharp contrast to the likely greater change (�0.3 pH)
that is predicted from CO2 emission scenarios. How deep ecosys-
tems adapted to very stable conditions will respond to the com-
bined impacts of changing ocean pH, temperature, and oxygen
remains to be seen.

Our experience with this challenging in-situ experimental
system was positive, but only after the significant development
cycle described here. Subsequent and concurrent to these efforts a
number of shallow water FOCE systems have been rapidly devel-
oped (Kline et al., 2012; Gattuso et al., 2014), and used for
biological studies (Barry et al., 2014). These new systems and
experiments draw upon the chemical, physical, and engineering
FOCE principles pioneered here. For further information on the
continuing development of this field, please see the xFOCE website
(http://www.xfoce.org/).

Use of this system need not be limited to FOCE experiments
only. With the addition of a heater to the seawater inlet wings, CO2

enrichment and global warming impacts can be studied either
individually or simultaneously. Likewise, the impact of lower
oxygen levels can be studied by adding a suitable amount of
sodium sulfite to reduce the oxygen concentration in the seawater
feed (Wong and Zhang, 1992). Given that none of these effects
happens in isolation, the ability to study their impacts simulta-
neously would be most advantageous.
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Fig. 8. Plot of pH during the first week of the FOCE biology experiment (Barry et al.,
2014) showing the background seawater pH calculated from CTD–O2 data (blue),
the observed exterior pH (green) and the interior pH (red) offset approximately
0.4–0.5 pH units from ambient. The pH fluctuations estimated from CTD data
correlate very strongly with our direct pH observations when the system is in
background sensing mode with a mean pH of 7.625 and a typical range of 70.01
pH. The greater range shown by the external pH sensor (green line) here shows
local effects of the FOCE system “exhaust” fluids impacting the externally mounted
pH sensor. The experiment began with the initiation of CO2 enrichment late on year
day 263 (UTC). After 20 h it was observed that the pH was drifting higher as the
fully CO2 saturated working fluid from the ESW systemwas being drawn-down and
a steady-state CO2 enrichment was approached. At that time the ESW pump speed
was increased and the pH offset was restored. Over the next 24 h a steady-state CO2

enrichment of seawater was achieved inside the ESW tank and the pH remained
relatively constant (except for short periods, see text) for the one month duration of
the experiment. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.dsr.2014.11.005.
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